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Today, because of the current climate situation, renewable energy sources are of high importance. 
Over the last few decades, solar cells have become a vital technology due to their ability to convert 
sunlight into electrical energy. Most of the commercially available solar cells are made of 
crystalline silicon. Silicon-based solar cells are already well known in the market, but their costly 
and tedious fabrication motivates the examination of alternative systems. Since the pioneering 
work of O’Regan and Grätzel in 1991, dye-sensitized solar cells (DSCs) have become a promising 
substitute. The sandwich-type DSC structure is easy to manufacture, and a broad variety of 
sensitizers offers lower costs of materials. However, the use of metals such as ruthenium with low 
natural abundances still significantly increases the price and reduces the sustainability of DSCs. 
In this work, the focus is set on n-type DSCs, which combine the use of Earth abundant iron(II) 
coordination complexes as dyes and the advantageous effects of using different additives in 
electrolytes. Tuning of electrolyte composition can also remarkably enhance the photoconversion 
efficiency (PCE) and, as shown for other dyes, has the potential to make iron-sensitizers a 
promising alternative to ruthenium-based compounds. It has been demonstrated that both the redox 
couple and the components of the electrolyte have a critical influence on the PCE, and this effect 
originates from its role as a charge transfer medium. The effects of lithium salts, ionic liquids with 
different counter-ions and solvents while retaining an I-/I3
- redox shuttle are presented. 
Sometimes small changes might lead to significant progress. The design of an alternative 
iron(II)-based dye is proposed with a corresponding synthetic route. The synthesis towards the 
target complex is presented.  
Moreover, a statistical study of electrochemical impedance (EIS) measurements was performed. 
EIS offers a possibility to study complex electronic systems and is commonly used for solar cells, 
but there is a general tendency in the literature to present impedance data only for one device. At 
the same time, the current density–voltage plots can illustrate that measurements may vary within 
one set of DSCs with identical components. The multiple DSCs impedance measurements are 
presented on the example of two dyes and provide the statistical analysis for their reproducibility 
between the cells. 
x 
The work in the First, Second and Third Chapters has been published in open access journals.1,2 
Some parts in the introduction in the First Chapter have been taken from the publications as well 
as a part of the discussion in the Second and Third Chapters. 
                                                 
1 M. Becker, M.-S. Bertrams, E. C. Constable, C. E. Housecroft, Materials, 2020, 13, 1547. 
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1.1 Energy usage and consequences 
 
Energy has a great impact on our everyday life. When we turn on the light in the evening, heat up 
the stove to cook dinner or start the machine for morning coffee – we depend on a regular and 
efficient energy source. Moreover, we expect the source to be not only reliable but also safe for 
the environment and our personal health as well as inexpensive.  
Today, fossil fuels still supply most of the world’s energy. While burning of fuels is used to 
produce electricity, refined qualities like kerosene or gasoline are also used for heating or 
transportation.1 70 years ago, coal was already one of the main energy sources, which has a great 
pollution potential due to impure combustion and release of ash.2 Nowadays, coal supplies a third 
of the world’s energy demands, and is the source of 44% released carbon dioxide (CO2).
1 Oil fuels 
generate 40% of the world’s energy and serve as a source for about one third of global CO2 
emission. Natural gases are considered as the cleanest fossil choice in terms of CO2 production, 
but still account for a fifth of the world’s emissions.1 In Figure 1.1 the dramatic increase of the 











The emissions enhance the greenhouse effect and accelerate the changes in climate. As a result of 
CO2 accumulation in the atmosphere, a large portion of it gets absorbed by the oceans. This leads 
to the acidification of water, which becomes corrosive for thousands of marine shell species.3 Once 
water gets sufficiently acidic, the extinction of these species may take place with a domino effect 
on the food chains for fish, birds, and mammals.3 Moreover, the mining of fossil fuels leads to land 
degradation and water pollution.3 Considering human health, oil and gas refining and consumption 
result in air pollution, which has amongst others an impact on human’s respiratory system. In 2016 
it was shown that the air pollution directly harms the health of the general public, which is living 
near oil and gas production facilities (the study was done in the United States).4 A study of 2017 
has shown that air pollution from fossil fuels is one of the top ten risk factors for death in the 
world.5, 6 Additionally, the enhanced greenhouse effect promotes the global warming, which affect 
all parts of our planet. Nowadays, we can witness the irreversible changes which include the 
melting of glaciers, the rise of global sea levels and warming of the oceans. This has a direct effect 
on the plant and animal life.7 
 
Figure 1.2 Polar bear whose home is literally melting under his paws. [Credit: "Polar Bear seen Ice Cruising in the Arctic" by Tips 





1.2 Solutions    
 
Modern world cannot live without energy. However, the current climate situation demands the 
actions and renewable energy sources are a promising alternative for fossil fuels. Nowadays up to 
14% of the total world energy is provided by renewable sources.8 This includes particularly the 
use of wind, hydropower, sunlight, and biomasses, which are considered to be inexhaustible.9, 10 
In Figure 1.3 the development of renewable energy sources is presented. Over the last ten years, a 
significant increase of green energy (especially for Europe) can be seen. In 2019, 66% of 
Switzerland’s energy came from water sources and 8.4% was generated from photovoltaics, wind, 
small hydroplants (production <50 MW) and biomasses.11 Hydropower has the highest impact on 
the world’s energy production, compared to other renewable sources. Hydropower plants are 
emissions-free and require only one natural source – (flowing) water. However, big dams change 
original river courses, disturb surrounding inhabitants, harm the wildlife and the overall 
ecosystems.12 Thus, the usage of hydropower is unlikely to be the ultimate solution. 
  
Figure 1.3. Percentage of energy, which comes from renewable sources, used from 1965 till 2019. 
[https://ourworldindata.org/renewable-energy#how-much-of-our-primary-energy-comes-from-renewables, CC BY 4.0 licence, 
https://creativecommons.org/licenses/by/4.0/deed.en_US].  
The Sun is sustainable, near-infinite and most importantly, harmless to the ecosystem as its use 




exceeds the world’s current as well as foreseeable future needs.13 Thus, the necessity of light-
harvesting technologies resulted in the field of photovoltaics. 
 
1.3 Photovoltaic technologies  
 
Today, most of commercially available solar cells are made of crystalline silicon (c-Si) 14 and can 
reach an efficiency close to its theoretical maximum.14 The cells are composed of a silicon wafer, 
glass, junction box, silver and aluminium electrodes and wires.15 Mono- and polycrystalline silicon 
wafers both can be used for solar panels, but polycrystalline cells perform slightly lower. 
Nevertheless, their tedious, costly fabrication and the necessity of using environmentally non-
benign metals such as gallium or cadmium as alternative semiconductors are major drawbacks for 
their use as a green energy source. 16 Complicated and expensive recycling of silicon wafers 
reduces the sustainability of c-Si cells as well.  
Dye-sensitized solar cells (DSCs) offer a low-cost alternative. They are single junction solar cells 
that are based on a semiconductor sensitized with a dye. Their efficiency is lower than c-Si cells, 
but over the last couple of decades, they have become of high research interest. Another type of 
solar cell is the perovskite solar cell (PSCs). PSCs developed from DSCs into a separate class of 
solid-state sensitized solar cells. PSCs are based on a perovskite material, which serves as a hole-
transport material and induces a heterojunction.17 They offer a high efficiency over 20% but suffer 
from low-device stability and the usage of lead. The use of multi-dimensional junction with 2D/3D 
interface helps to overcome the sensitivity towards moisture.18 However, the usage of this 
architecture is combined with reduced efficiency (≈13%).     
 
1.4 Dye-sensitized solar cells 
 
The pioneering development of dye-sensitized solar cells by O’Regan and Grätzel in 1991 gave 
an alternative to overcome the limitations of c-Si solar cells.19, 20 Lower material costs and less 
sophisticated manufacturing processes combined with the avoidance of toxic materials offer 
considerable advantages 21, and the demonstrated upscaling from a research laboratory to 




1.4.1 Working principle 
 
A DSC consists of a photoanode, an electrolyte containing a redox shuttle, and a counter electrode 
(Figure 1.4). The dye is adsorbed on the semiconductor surface (for detail see section 1.4.2). 
Photoexcitation of the dye (S→S*) results in electron injection into the conduction band (CB). 
The electron travels through the electrical load and reduces a redox couple, that is typically 
consisting of iodide/triiodide (I−/I3
−), at the platinum-coated counter electrode. The reduced form 
of the redox couple regenerates the dye in the ground state, which completes the circuit. The 
difference between the Fermi level of a semiconductor and a redox potential of redox couple is the 
open circuit voltage that is the maximum potential a DSC can provide (in section 2.2 VOC will be 
discussed in detail). 
 
 
Figure 1.4. The schematic structure of an n-type DSC. Arrows show the direction of electron movement; CB – conduction band, 
VOC – open circuit voltage, red/ox – electrolyte redox couple. Dotted lines show the recombination processes in DSC. 
Various recombination processes can occur during the operation of a DSC. One of them is the 
recombination of the electron injected into the semiconductor (e−inj) with the oxidized dye. For the 
efficient electron transport, this recombination process has to be slower than dye reduction by the 




and electron occupation in CB and trap states. It also depends on the metal oxide, the dye structure, 
and the binding model to the surface.24 Another dark current (recombination) process is the 




− → 3𝐼−                                                   (1.1) 
Moreover, the decay of the excited state of the dye (S*) to the ground state (S) can occur, instead 




The schematic representation of the working electrode is shown in Figure 1.5. The photoanode is 
made of glass, which is coated on one side with a transparent conducing metal oxide, usually 
fluorine-doped tin oxide (FTO). On the top of FTO, the nanostructured metal oxide layer is 
deposited. The semiconductor sensitized with a dye by immersing the electrode is the dye solution. 
 
Figure 1.5. The schematic representation of working electrode. 
Various metal oxides show n-type semiconductor properties and are used for DSC applications. 
The most common ones are TiO2, ZnO, and SnO2.
26-28 
Typically, titanium dioxide (TiO2) is used as a semiconductor in an n-type DSC. TiO2 is a non-
toxic compound, which is commonly used in cosmetics and paints due to its ability to absorb UV 
radiation and its light scattering properties, and for drug tablet coating.29 Moreover, it is an 
abundant, low cost and biocompatible material.30 In nature, the oxide is sourced from minerals. 
Mostly it is found in ilmenite, a titanium-iron oxide mineral (FeTiO3).
31 The most abundant natural 





For DSC applications, anatase is widely used due to the photocatalytic activity. The photons in the 
visible light are in the energy range from ≈2 to ≈3 eV.33 Anatase has a wide bandgap of 3.2 eV 34, 
which matches the photon energy in violet light. Rutile has a similar band gap of 3.0 eV, but it 
was shown that rutile-based DSC had lower photocurrent compared to anatase. The dye adsorption 
properties are lower for rutile, which plays an important role in DSC functioning. Due to the bigger 
size of its nanoparticles, a smaller surface area for rutile was observed than that of anatase.35 
Brookite is rare compared to anatase and synthetic brookite is challenging to prepare. Thus, it is 
not considered for DSC applications.36 
The efficiency of DSC depends on the dye load on the semiconductor. Porous titanium dioxide 
crystals offer a high surface area, which maximizes the dye amount.37 The TiO2 layer is transparent 
and has a low light harvesting capability (Figure 1.6a).37 To increase the light scattering, an opaque 
layer is usually added on the top of the TiO2 surface and nowadays commonly used for commercial 
electrodes (Figure 1.6b). The light scattering layer is uneven compared to the TiO2 without opaque 
layer and increases the semiconductor thickness (Figure 1.7).  
 
Figure 1.6. (a) TiO2 electrode (due to its transparency, the metal oxide is barely visible); (b) TiO2 electrodes with opaque layer. 
 
Figure 1.7. FIB images of TiO2 electrodes; (a) opaque electrode; (b) transparent electrode. The images were provided by Sven 




Zinc oxide has similar physical properties as well as band gap, but a higher electron mobility 
compared to TiO2. However, the efficiencies of DSCs with ZnO as the semiconductor are still 
lower than those for TiO2. ZnO-based DSCs suffer from fast recombination. There is a strong 
electrostatic interaction between the injected electrons (e−inj) and oxidized form of the dye (S
+) on 
the ZnO surface, which leads to the formation of a complex [S++e−inj].
38 This complex can 
recombine or dissociate into S+ and a mobile electron in the semiconductor.39 Formation of the 
[S++e−inj] complex causes fast charge recombination and decreases the electron mobility.
24, 38 
Moreover, DSCs based on ZnO suffer from electron trapping and optical reflection.40 
Tin(IV) oxide has a larger band gap of 3.6-3.8 eV compared to TiO2. It is a promising alternative 
to titanium dioxide but suffers from weak adsorption of dyes with acidic anchoring groups.28 





As it derives from the name dye-sensitized solar cell, the sensitizer (or dye) is of key importance 
in the cell. The dye is responsible for the light absorbance and the electron injection into the 
semiconductor (see Working principle of DSC, section 1.4.1). Thus, a dye needs to have a broad 
absorption range with a high extinction coefficient. Ideally, it should cover the whole UV-Vis part 
of the solar spectrum and even the near IR region as it will make the absorbance of photon flux 
most effective. As shown in Figure 1.1 (DSC structure), the energy level of the excited state of the 
dye must be higher than the conduction band energy for the efficient electron injection. On the 
other hand, the oxidized-state energy level needs to be more positive than the redox potential of 
the electrolyte for a successful dye regeneration.41 Another requirement is the general photo- and 
thermal stability of the sensitizer.  
In addition to these aspects, the dye needs to be anchored to the semiconductor. Dye molecules 
can be adsorbed (chemisorption and physisorption) on the semiconductor surface via several 
mechanisms including covalent bonding, hydrogen bonding, electrostatic interaction or van der 
Waals forces.42 Covalent bonding is the preferred way of attachment for DSC on the surface, since 
chemical bonding reduces the mobility of molecules.43 Other types of interactions are reversible 




implemented in dye structures for covalent bonding onto the semiconductor like carboxylic, 
phosphonic, and cyanoacrylic acids and their various derivatives (Figure 1.8).44, 45 
 
Figure 1.8. The several examples of anchoring groups for DSCs. 
Anchoring groups like silyl ester, salicylic or hydroxamic acids are more rarely employed.44, 46, 47, 
48 These groups show promising performances in individual cases, but not as commonly used as 
those shown at the top of Figure 1.8.  
Several types of carboxylic acid chemisorption models at TiO2 were identified, which are 
presented in Figure 1.9, and they depend on dye structure, pH, and metal oxide pretreatement.44 
The binding can be formed between Ti and O atoms directly as a monodentate ester, bidentate 
chelating, or bidentate bridging. Anchoring also can be created with a help of hydrogen bonds 
between the acid and the metal oxide. Despite the covalent bonding, dye molecules still can be 
desorbed from the metal oxide under basic conditions. 
 
Figure 1.9.Possible binding models of carboxylic acid anchoring group to metal oxide semiconductor (M = Ti). Reproduced with 









Dyes can be separated in two groups – organic dyes and metal complexes. Organic or metal-free 
dyes offer a broad absorption range which goes to near IR region.49-54 Typically, these dyes have 
a push-pull structure, which means [donor]-[π-bridge]-[acceptor] architecture.55 This design 
considers (for an n-type DSC), electron transfer from a donor group through a π-bridge (spacer) to 
an acceptor moiety, which is the anchor.56 The donor groups often contain an arylamine or 
carbazole group, the spacer includes one or more thiophene rings.56 Often the spacer bears alkyl 
groups, which prevent the dye aggregation on the surface and electron recombination. The 
common anchoring groups for organic dyes are cyanoacrilic acids.56, 57 Nevertheless, silyl esters 
and carboxylic acids are also actively used for organic dyes.46, 52, 58, 59 Some organic dyes are 
presented in Figure 1.10. Using the example of the LEG4 dye, the push-pull strategy for the dye 
design is illustrated. Among the others, porphyrin-based dyes show particularly remarkable light 
absorbance due to strong π–π* electronic transitions.54 
Organic dyes show a photoconversion efficiency (PCE) up to 13% (PCE of 13% was achieved for 
porphyrin-based dye).59-61 To increase the absorption range and, therefore, efficiency of a solar 
device, the co-sensitization of several dyes is commonly used, which allows the adsorption of more 
than one dye on the semiconductor. A successful example is the co-sensitization of the two organic 
dyes ADEKA-1 and LEG-4 (Figure 1.10), which led to a remarkable efficiency of 14% in the 
presence of the [Co(phen)3]
2+/3+ (phen = 1,10-phenanthroline) redox shuttle.58 Another 
co-sensitization of the blue AP25 dye with the orange dye D35 (Figure 1.10) resulted in a 
photocurrent <21 mA cm−2 and a photoconversion efficiency of 8.0%, while AP25 alone affords 
19.9 mA cm−2 and 6.8%, respectively. However, organic dyes can be co-sensitized not only with 
each other, but also with metal complexes. In 2017 it was shown that the combination of the 
organic dye SQ2 (Figure 1.10) with a heteroleptic copper(I)-based dye resulted in the 
panchromatic EQE spectra (for EQE see section 2.3) and a significant increase in the efficiency 
compared to single dye performance.62 Despite high and promising efficiencies, organic dyes still 





   
Figure 1.10. Examples of organic dyes. The LEG4 dye illustrates the push-pull strategy for the dye design. 
Inorganic dyes or metal complexes were introduced by O’Regan and Grätzel in 1991 and since 
then, they have been widely used for DSC applications. The most common sensitizers with 




(Figure 1.11).63-67 Upon absorption of light, these dyes can provide an efficient metal-to-ligand 
charge transfer (MLCT) with a long lifetime and a low-energy excited state.63 This results in 
efficient electron injection into the semiconductor. For example, the N3 dye published by 
Nazeeruddin et al. in 1993 reached a PCE of 10% and showed a broad range of absorption in 
combination with relatively long excited state lifetime.68 The dye N719, which is the deprotonated 
version of N3, had shown a remarkable efficiency up to 11.18%.69 In 2001, the black dye exceeded 
the performance of the N3 dye because of the panchromatic light absorption and nearly 
quantitative electron injection from the dye in the excited state into the semiconductor.66 In 2017 
it was shown that a derivative of the black dye exhibited the broad absorption to near IR region.70 
 
Figure 1.11. Common Ru-based dyes with PCE up to 11.18 %. 
However, the use of metals with low natural abundancies like ruthenium significantly increases 
the cost and sustainability of DSCs.71 Therefore, the development of complexes with Earth 
abundant metals for DSC applications became of greater importance. One alternative are copper(I) 
complexes, which show promising photophysical characteristics similar to Ru(II) dyes.72 
Copper(I)-complexes have a long lifetime of the MLCT excited state and show high absorption in 
the visible region of the solar spectrum. For the first time a copper(I) complex was employed in a 
DSC by J.-P. Sauvage et al. in 1994.73 A bis(2,9-diphenyl-1,10-phenanthroline)copper(I) complex 
with carboxylate anchor on phenyl rings at para position, which was used in this work, had shown 
a broad absorption spectrum in the visible region, but low performance. However, it was shown 
that Cu(I)-complexes with a 6,6'-dimethyl-2,2'-bipyridine ligand core prove to be a promising 
alternative to ruthenium dyes.74, 75 These Cu(I)-dyes exhibited rather high potential (up to 566 mV 
for dye [Cu(I-1)2]






Figure 1.12. The structures of the 6,6'-dimethyl-2,2'-bipyridine ligands and the copper(I)-complex [Cu(1)2]+. 
The change from homoleptic to heteroleptic copper(I)-complexes offered an approach to push-pull 
design, which is commonly used for organic dyes. Typically, an ancillary ligand contains donor 
moiety, and an anchoring ligand contains carboxylic or phosphonic acid groups. The isolation of 
heteroleptic Cu(I)-complexes is not trivial since homo- and heteroleptic complexes are in 
equilibrium in the solution. Two synthetic strategies were developed for heteroleptic Cu(I)-
complexes. The HETPHEN (heteroleptic bisphenanthroline complexes) requires the usage of 
sterically demanding ligands. These complexes have a broad absorption in the UV-Vis spectrum, 
but limited light harvesting efficiencies.77 Another approach was designed by the 
Constable/Housecroft research group and includes the stepwise dye assembly on the surface 
(SALSAC - surface-as-ligand, surface-as-complex).78, 79 This approach will be discussed in detail 
in the Third Chapter, section 2. This strategy offers an unlimited number of combinations of 
ancillary and anchoring ligands for copper(I)-dyes. 
The exploration of Earth abundant and low-cost metals brought iron complexes into the solar cell 
application. In 1998, the first DCSs based on a tris(2,2'-bipyridine)iron(II) complex were reported 
with a short-circuit current density (JSC) of 290 μA cm
–2.80 The use of iron(II) complexes for DSC 
applications is challenging due to their fast deactivation from an MLCT to metal-centred (MC) 
state 81, which results in inefficient electron injection and low JSC values. In 2013, Wärnmark and 
co-workers 82 published the first iron(II) N-heterocyclic carbene (NHC) complex I-3 (Figure 1.13) 
with an extended 3MLCT lifetime of 9 ps. Following from this, Gros and co-workers 83 fabricated 
the first series of iron-sensitized DSCs (complex I-4, Figure 1.13) with the best efficiency (0.13%) 









A conventional liquid electrolyte consists of a redox couple, a solvent and additives. The term 
'additives' is used to encompass species such as ionic liquids (ILs), lithium salts (LiX) and various 
Lewis bases. The redox couple is one of the key constituents of a DSC and it ensures effective dye 
regeneration. One of the most common redox couple is the iodide/triiodide (Equation 1.2). In 
solution, triiodide is formed from iodine and iodide. It is also known that polyiodide species can 




−                                                         (1.2) 
The operation of a DSC is based on the effective dye regeneration after electron injection into the 
conduction band (CB, Equation 1.3) of the semiconductor, which is a multistep process. 
𝐷𝑦𝑒∗ → 𝐷𝑦𝑒+ + 𝑒−(𝐶𝐵)                                              (1.3) 
After the formation of oxidized species D+, the dye needs to be reduced by iodide via a dye-iodide 
complex (Equation 1.4). 
𝐷𝑦𝑒+ + 𝐼− → [𝐷𝑦𝑒+: 𝐼−]                                             (1.4) 
The formation of this complex was studied for the example of the dye Ru(dcbpy)2X2 and 




in complex dissociation and formation of the diiodide radical I2˙͞
   and a dye D in a ground state 
(Equation 1.5). Further, two radicals undergo disproportionation into iodide and triiodide 
(Equation 1.6).84 
[𝐷𝑦𝑒+: 𝐼−]  + 𝐼− → 𝐷𝑦𝑒 + 𝐼2
∙−                                        (1.5) 
2𝐼2
∙− →  𝐼− + 𝐼3
−                                                     (1.6) 
The oxidized triiodide specie diffuses to the counter electrode, where it gets reduced to iodide 
(Equation 1.7). 
𝐼3
− + 2𝑒− →  𝐼−                                                     (1.7) 
According to Equation 1.5, dye regeneration depends upon the presence of iodide anions in the 
electrolyte solution. It is known that an increase in iodide concentration can be beneficial for DSC 
performance.87 Wang et al. have shown that for solvent free electrolytes with ILs as media high 
iodide concentration is essential for the efficient dye regeneration.88 On the other hand, it leads to 
undesired quenching of dye in the excited state (Equation 1.8).88  
𝐷𝑦𝑒∗ +  2𝐼− → 𝐷𝑦𝑒− + 𝐼2
∙−                                            (1.8) 
Moreover, too high I– concentration provokes the formation of ion-pairs, which have reduced 
mobility and, thus, less conductivity. This effect is especially present in gel electrolytes.89 In 
addition, the iodide/triiodide redox couple has several drawbacks like absorption in the visible 
light and metal corrosion.90, 91  
The change of redox shuttle has a direct influence on the maximum possible potential of a DSC.90 
Thus, alternative redox shuttles based on metal complexes were developed. One of these newly 
developed systems is Co2+/Co3+. Cobalt-based electrolytes are commonly used for DSCs in 
combination with organic dyes.58, 92-94 Moreover, they had demonstrated a great potential with 
copper(I) dyes. It was shown that the more positive potential of Co2+/Co3+ redox couples, 
compared to iodide/triiodide, exhibited higher PCE of copper(I)-sensitized DSCs.95 Over the last 
years Cu+/Cu2+ redox couples are intensively investigated. Their potential is also shifted more 
positive than I–/ I3
–. Copper-based redox mediators have a broad use in combination with organic 
dyes, ruthenium, and copper sensitizers.96-101 
The oxidized form of the redox couple must subsequently diffuse to the counter electrode for 
reduction.102 The solvent must allow a fast diffusion of both components of the redox couple, needs 
to solubilize charged species, and should have a low vapour pressure for the long-term stability of 
cells. It has been shown by Han et al. 103 that the donor abilities of solvents scale with good 




tune the semiconductor conduction band energy 104 and for suppressing the rate of recombination 
of injected electrons from the semiconductor with the electrolyte. The most common additives 
used in electrolytes are based on guanidine or nitrogen-containing heterocycles, which can move 
the CB of a semiconductor towards negative potentials. This leads to a significant increase in 
VOC.
104-106
 The presence of Li
+ ions also influences the CB due to their adsorption on the surface. 
This effect moves the CB towards more positive potentials, leading to efficient electron injection 
into the semiconductor, but also resulting in a decrease in VOC.
107 It is generally recognized that 
addition of Li+ ions improves the photocurrent with ruthenium dyes.108 At the same time, it was 
shown that for copper(I)-based DSCs the presence of LiI is not beneficial.109 Other common 
additives to electrolytes are ionic liquids, which could, potentially, substitute the organic solvent. 
Advantages of ILs are their thermal stability, high boiling point and ionic conductivity, which 
contribute to long DSC lifetimes. On the other hand, high viscosities or the fact that some ILs are 
solid at 298 K, are disadvantages. IL-based and solvent-free electrolytes have been thoroughly 
studied by many research groups. The work of Grätzel and co-workers 110 demonstrates that high 
performing solar cells can be achieved with pure IL electrolytes. In 2008, they reported 111 
promising device lifetimes indicating the future potential of ILs. The current challenge of using 
ILs as electrolyte media is their high viscosity, which results in less effective mass transport. The 
addition of a co-solvent helps to overcome these limitations and allows the use of ILs with high 
melting points. The most commonly employed ILs in electrolytes are imidazolium salts. ILs with 
an iodide counterion in combination with iodine lead to polyiodide structures. In 2015, it was 
reported that CH···III and π···II -interactions between these polyiodide anions and 
imidazolium cations cause a weakening of the I–I bonds resulting in a higher conductivity of 
ILs.112 This effect can greatly contribute to the performance of the I–/I3
– redox shuttle and result in 
more efficient performance of a DSC. 
 
1.4.5 Counter electrode 
 
The counter electrode plays an important role in an n-type DSC operation as it reduces the oxidized 
redox mediator species. The counter electrode has a similar composition as the photoanode. It is 
made of glass covered with a FTO layer (Figure 1.14). On top of the FTO layer the catalyst is 






Figure 1.14. The composition of counter electrode. 
However, Pt can be corroded over time in the presence of I–/ I3
–.113 Furthermore, Pt increases the 
price of the device. These disadvantages created the need of Pt replacement and various substitutes 
were investigated in recent years. DSCs with carbon counter electrodes have shown a good 
stability over the period of twenty days.114 At the same time, the carbon particles can get detached 
from the electrode, thus generating dark current in the DSC.113  Conductive polymers such as 
poly(3,4-ethylenedioxythiophene) (PEDOT) also could be used.115-117 Usually, these electrodes 
are additionally doped with polystyrenesulfonate (PSS) or/and with cobalt sulfide.117, 118 Doping 
on the electrodes increases the conductivity, but the large size of PSS provokes low fill factor 
values (the fill factor will be discussed in section 2.2).118 
 
1.4.6 Challenging aspects of iron(II)-complexes 
 
As it was mentioned above, the efficient electron injection from the dye in the excited state into 
the semiconductor is of key importance for a well-performing DSC. The electron injection is 
strongly depended on the long-lived excited state of the dye. The fulfilment of this criterion among 
the others, which have already been discussed in the previous chapters, makes Ru-bipyridine 
complexes promising and high performing sensitizers. The 3MLCT state is the lowest excited state 
for most Ru(II) polypyridine complexes and exhibits a relatively long lifetime.119 A schematic 
representation of a ruthenium polypyridine complex in the excited state is shown in Figure 1.15a. 
The [Ru(bpy)3]
2+ (bpy = 2,2'-bipyridine) complex will be taken as an example for the following 
discussion. Despite the fact that [Ru(bpy)3]
2+ has D3 symmetry, the nitrogen lone electron pairs 
create an almost octahedral environment with the exception that N-Ru-N angles for cis-nitrogens 






Figure 1.15 (a) Schematic illustration of the excited state for Ru polypyridine complexes (b) corresponding illustration of MO 
scheme for Ru and Fe polypyridine complexes (c) schematic illustration of the excited state for Fe polypyridine complexes. Solid 
lines represent electron movement, dashed lines represent the depopulation of MLCT states via MC states (the activation barrier 
must be overcome). Reprint from reference 120. [CC BY 4.0 license, https://creativecommons.org/licenses/by/4.0/]. 
In the Oh environment the d-orbitals of [Ru(bpy)3]
2+ (as a 4d metal complex) will energetically 
split into t2g and eg* orbitals that will be well separated from each other.
121 Thus, the π* orbitals of 
bpy ligands will be of lower energy than the eg* orbitals. This results in the lowest unoccupied 
molecular orbital (LUMO) having ligand character and the highest occupied molecular orbital 
(HOMO) having metal character (Figure 1.15b).63 At the same time, metal centered (MC) states 
have similar or higher energy compared to the MLCT state. Therefore, the long-lived 3MLCT state 
is a consequence of the activation barrier, which has to be overcome to populate MC states.120  
Compared to [Ru(bpy)3]
2+, the [Fe(bpy)3]
2+ complex has a weaker ligand field although it is strong 
enough to afford a low-spin complex.121 Thus, the π* ligand orbitals are of higher energy than the 
eg* orbitals. This results in low-lying MC states, which provide rapid and nonradiative deactivation 
of the excited state.121 For the application in the photovoltaic field, a long-lived MLCT excited 
state has to be achieved for iron(II)-complexes. This can be done by increasing the energy of MC 
states or by lowering the MLCT states.120 
The complex design with near octahedral symmetry will lead to a stronger ligand field.81 The 
N-Fe-N trans-angles of 180° will maximize the overlap between the metal and the ligand, thus 
increasing the t2g and eg* orbitals splitting. As it was shown by McCusker and co-workers, the 
combination of a polypyridyl ligand with strong π-acceptor properties and N-Fe-N trans-angles of 
178.3° resulted in a stabilization of t2g orbitals.
122 Furthermore, Jakubikova and co-workers have 





2+ to cyclometalated iron(II) complexes with donor abilities of the ligand 
(Figure 1.16).123  
 
Figure 1.16. The structures of [Fe(tpy)2]2+ and cyclometalated iron(II) complex. 
The MC states could be destabilized by the ligands with strong σ-donor abilities. For example, 
N-heterocyclic carbene ligands offer this property. However, NHC compounds have limited 
π-acceptor possibilities.81 To compensate this shortage, Wärnmark and co-workers implemented a 
pyridine ring in the ligand I-7 design (Figure 1.17) for an iron(II) NHC complex.124  
 
Figure 1.17. The structure of NHC ligand I-7 employed by Wärnmark and co-workers and of NHC ligand I-8 employed by Gros 
and co-workers for DSC manufacturing. The structures of corresponding iron(II) complexes are shown in Figure 1.13. 
The iron(II) NHC complex I-3 (Figure 1.13) achieved a remarkable excited state lifetime of 9 ps 
(in MeCN at room temperature) compared to previously known iron(II)-complexes. Nevertheless, 
the complex must be connected on the semiconductor surface for DSC application. In 2015 two 
groups 83, 125 independently published that the ligand with carboxylic acid functionality 
(Figure 1.17, structure I-8) contributed not only to the binding on the surface, but also significantly 
increased the excited state lifetime of the corresponding iron(II) NHC complex I-4 (Figure 1.13) 
to18 ps.125 It was shown by Wärnmark et al. that the LUMO level of complex I-4 lies above the 
CB of the TiO2, which is of importance for electron injection.
125 In the same work, the quantum 
yield of 92% for injection into TiO2 was found. However, some of the injected electrons were 
rapidly recombined with the oxidized dye. The work from Duchanois et al. 83, which was reported 




calculations that the electron-withdrawing abilities of carboxylic acid displaced the excited state 
electron density to the periphery of the ligand. Moreover, Persson and co-workers have shown in 
a computational study the rapid electron injection on ~100 fs time scale.126 
The absorption spectra of complexes I-3 and I-4 revealed two MLCT transitions in the visible 
region (in MeCN).83 The one at higher energies (λmax = 380 nm) includes the carbene unit and is 
the same for both complexes. For the complex I-3 the second transition which involves the 
pyridine ring is ≈450 nm. The complex I-4 which contains the COOH group has a red shift to 
λmax = 520 nm. This shift is correlated to stabilization of the π-energy level of the ligand and was 
confirmed by the decrease of the HOMO-LUMO gap compared to I-3 which was found by 
quantum chemical calculations.125  
The DSCs sensitized with complex I-4 exhibited photoconversion efficiency of 0.13% and 
short-circuit current density of 0.41 mA cm–2 (the short-circuit current density will be explained in 
section 2.2).83 It is important to note that the deprotonation of the non-anchored carboxylic group 
promoted the faster electron injection into the semiconductor.127 The published PCE of the iron(II) 
dye I-4 was significantly lower compared to the N719 dye. However, these results have shown the 
potential of Fe(II) NHC dyes.  
Further structural optimizations of Fe(II) NHC complex were published (Figure 1.18).127 
Interestingly, the absorption spectrum of complex I-9 with an extended π-system on the imidazole 
unit had only one MLCT transition, which was blue-shifted (λmax = 501 nm) with lower extinction 
coefficient, compared to complex I-4. In terms of photovoltaic performance, dye I-9 revealed PCE 
of 0.03%. The poor performance was associated with fast recombination processes and inefficient 
interfacial charge separation.127 
 





The heteroleptic complexes I-10 – I-12 all exhibited absorption spectra with three MLCT 
transitions (in MeCN). Two transitions are equal to those of complex I-4 (λmax = 380 nm and 
λmax = 520 nm) and the third one (λmax = 430 nm) corresponded to a ligand without carboxylic acid. 
The dye I-12 displayed the characteristic π–π* transition in the triphenylamine group.127 All three 
complexes revealed an improved charge separation. Despite different substituents on the imidazole 
moiety, a similar PCE of 0.10-0.11% was observed for all complexes. The poor performance of 





2. Materials and Methods 
 
2.1 DSC manufacturing 
 
The DSC manufacturing for cells described in this thesis consisted of four steps (Figure 1.19).  
 
Figure 1.19. Four steps of DSC manufacturing. (a) the working electrode was sensitized with dye; (b) the working electrode was 
combined with the platinum counter electrode using hot-melt sealing foil; (c) the electrolyte was added via a pre-drilled hole in the 
counter electrode by vacuum back-filling. The hole was closed with a glass cap using sealing foil; (d) silver paste was applied on 
the edges of each electrode from the FTO side. 
 
In the first step, the commercial working TiO2 electrode (photoanode) was rinsed with water, EtOH 
and dried on a heating plate at 450 °C for 30 min. Afterwards, the electrode was cooled to 60 °C 
and immersed in the ligand or dye solution (dye bath). Further details of dye baths used in this 
study are shown in Table 1.1. After sensitizing with dye, the electrode was rinsed with a solvent 
used in the dye bath and dried with nitrogen flow (Figure 1.19a).   
Table 1.1. The composition of dye baths used in this study. 
Dye bath composition Section in the 
thesis 1 
Solvent Concentration Dipping 
time 
N719 Reference dye 
throughout the 
thesis 
EtOH 0.30 mM overnight 
(≈16 h) 






2 DMSO 1.0 mM overnight 
(≈16 h) 







2 Acetone 0.1 mM three days 
[Fe(Phtpy)2]
2+ 2 Acetone 0.1 mM three days 
 1 Only in Third Chapter; cheno – chenodeoxycholic acid. 
  
The commercial platinum counter electrode (photocathode) was washed and dried like the 
photoanode. Then anode and cathode were assembled together using thermoplast hot-melt sealing 
foil by pressing them together while heating (Figure 1.19b). Afterwards, the electrolyte was 
introduced into the DSC through a pre-drilled hole in the counter electrode via vacuum backfilling. 
The hole was sealed with hot-melt sealing foil and a cover glass (Figure 1.19c). Finally silver paint 
was applied on the edges of each electrode from the FTO side as a last step (Figure 1.19d). 
 
2.2 J-V plots and solar simulator 
 
The key characteristic of all solar cells is their photoconversion efficiency (PCE) or the solar-to-
electrical energy conversion efficiency (η). This parameter can be extracted from the so-called J-V 
plot, which is recorded with a solar simulator. The solar simulator is an instrument which mimics 
the solar irradiation including intensity and spectral composition and allows testing solar cells in 
research laboratories under representative conditions. The international standard used for DSC 
measurements is 1 sun (1 sun = 100 mW cm–2) at 25°C under the air mass (AM) of 1.5G 
(G = global). AM is an important factor, which refers to the air mass coefficient. It describes the 
path length that the sunlight passes through the atmosphere between the Sun and global surface.128 
It is necessary to consider the AM coefficient, since the atmosphere may remarkably modify the 





Figure 1.20. Solar irradiation spectrum [Credit: Nick84, CC BY-SA 3.0 license, https://creativecommons.org/licenses/by-sa/3.0].  
In case that AM is zero, the Sun is in zenith and the sunlight does not have any interactions with 
the atmosphere. If light scattering and absorption are considered and the Sun is directly over sea 
level, the AM is defined as 1 (Figure 1.21). The international standard implies AM1.5G, where 
1.5 equals the 1.5 longer sunlight path than the direct sun at the sea level and represents the zenith 
angle of 48.2° (Figure 1.22). G corresponds to global spectrum and includes light scattering and 
diffusion. 
 





Figure 1.22. Schematic representation of AM dependency on zenith angle [Redrawn from https://g2voptics.com/solar-simulation/].  
Therefore, the irradiance of the solar simulator was calibrated before each measurement sequence 
according to the discussed standard with a silicon reference cell. Afterwards, the DSC was 
preirradiated under the light for 20 min. Then, the cell was placed on the measuring table and 
connected to the potentiostat. The cell was covered with a black copper sheet mask, which was 
placed on top of the cell. The mask area was smaller than the solar cell surface. The remaining cell 
was covered with a black plastic cap to protect it from the light. Application of the full masking 
was necessary to avoid the performance overestimation.129, 130 It is important to note that not all 
DSCs measurements, which are reported in literature, were performed with mask application, since 
it significantly decreases the cell efficiency.131 In this case, a comparison between the reported 
performances is not accurate. 
The cell measurement resulted in the so-called J-V plot. The J-V curve was obtained by applying 
the voltage range on the cell under the solar simulator. The current (I) output was measured and 
then converted into current density (J) according to Equation 1.9, where irradiated active area is 
the area of the cell, which is exposed under irradiance and is smaller than the actual surface of the 
cell as was discussed above.  
𝐽 =  
𝐼
𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑒𝑑 𝑎𝑐𝑡𝑖𝑣𝑒 𝑎𝑟𝑒𝑎





The typical J-V curve is shown in Figure 1.23. The plot is based on current density and potential 
axes and it includes several important parameters that are used for the analysis of DSC 
performance.  
 
Figure 1.23. Typical J-V curve obtained under solar irradiation with the key parameters used for DSC analysis.  
The short-circuit current density (JSC) is the highest current that a DSC can generate when voltage 
is zero. In case no current passes through the cell, the highest possible voltage that can be obtained 
is called open circuit voltage (VOC). These parameters define the area of the rectangle A 
(Figure 1.23) which gives the maximum theoretical power (P) of the cell. P can be achieved only 
if no losses occur during the cell operation. Rectangle B defines the area of maximum power point 
(PMPP) of the cell. PMPP can be obtained from maximum power point current density (JMPP) and 
maximum power point voltage (VMPP). Together, these parameters result in definition of the fill 







                                          (1.10) 
The fill factor is responsible for the shape of the J-V curve. In ideal case ff = 100% and the curve 
will repeat the shape of rectangular A. The value of ff is reduced by internal resistances like the 
shunt resistance (RSH) and the series resistance (Rs) that occur in the DSC. The RSH is defined as a 
slope of dark current versus applied voltage and should be infinite for an ideal cell.132, 133 The Rs 
includes the resistance in conducting electrodes, applied wires and connections, and results in a 




Finally, all the parameters are used to determine the solar-to-electrical energy conversion 
efficiency (η) according to Equation 1.11:  
𝜂 =






,                                         (1.11) 
where PIN is the total incident solar power of the cell (1 sun at AM1.5G). Thus, JSC, VOC, ff and η 
are the parameters that will be broadly discussed in this thesis for comparison of DSCs 
performances between each other.  
 
 2.3 External quantum efficiency 
 
The photocurrent of a DSC is determined by the quantum efficiency of light harvesting, electron 
injection and electron collection efficiencies.134 The quantum efficiency (QE) of a cell involves 
two types of efficiencies – external quantum efficiency (EQE) and internal quantum efficiency 
(IQE).135 EQE (or IPCE) is defined as the ratio between the number of electrons harvested by the 
solar cell and the number of incident photons (Equation 1.12).136-138 
𝐼𝑃𝐶𝐸 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑙𝑒𝑐𝑡𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
                             (1.12) 
Monochromatic light of a predefined range of wavelengths is applied on the cell during the EQE 
measurement and the current output is detected at each wavelength. The current produced during 
the measurement is the product of the light harvesting efficiency (LHE), the charge collection 
efficiency and electron injection. Therefore, the spectral response will be different depending on 
the side (working or counter electrode) of cell, which was illuminated, since it will affect the light 
harvesting efficiency.138 At the same time the usage of scattering layers can increase the LHE for 
DSCs.139  
The EQE spectra can be used for short-circuit current estimation. If the incident light is calibrated 
to 1 sun, the EQE current can be integrated according to Equation 1.13 to give JEQE:
 
𝐽𝐸𝑄𝐸 = ∫ 𝐸𝑄𝐸(𝜆) ∙ 𝑒 ∙ 𝛷𝑖𝑛𝑑𝜆
𝑛𝑒𝑎𝑟 𝐼𝑅
𝑛𝑒𝑎𝑟 𝑈𝑉
,                              (1.13) 
where Φin is the incident photon flux and e is the electron elementary charge.
138 
The typical EQE curves is shown in Figure 1.24. The maximum EQE value is found at the 





Figure 1.24. The typical EQE curve with EQEmax value. 
In our study EQE was measured in the working range of DSCs between 350-740 nm.137  
 
 2.4 Solid state UV-Vis spectroscopy 
 
Solid state UV-Vis spectroscopy (ssUV-Vis) is a measurement technique that provides an 
absorption characteristics of the dye, which was sensitized on the semiconductor surface. 
Transparent working electrodes without scattering layer are used for the measurements, since the 
light has to pass through the sample to the detector. Partially the light is absorbed by the glass 
electrode and therefore the baseline measurements are required for the correct data interpretation. 
The baseline measurement is done with the transparent working electrode, which was not 
functionalized with a dye. 
The typical UV-Vis measurements in solution are concentration-dependent and the Beer-Lambert 
law is used to calculate the extinction coefficient which is a characteristic property of the 
compound. In case of ssUV-Vis the amount of dye adsorbed on the surface depends on the dye 
bath concentration and the sensitization time. Thus, concentration is no longer meaningful for a 
solid-state sample and arbitrary units of absorbance are used accordingly. Moreover, ruthenium 
dyes are commonly used as standards for spectra comparison as their performance is known in the 
literature. In this study, N719 dye was used as a standard for ssUV-Vis with 0.3 mM dye bath 




  2.5 Electrochemical impedance spectroscopy 
 
Electrochemical impedance spectroscopy (EIS) is a well-known technique used for studying 
electrical properties of different materials.140, 141 A DSC has a complicated structure involving 
multiple interfaces at which many electronic processes take place simultaneously. In contrast to 
resistance, impedance is not limited to one circuit element and can therefore be used to describe 
the system as a more complex and general circuit. EIS is based on the application of a small 
alternating current (AC) perturbation (Ṽ) at a fixed frequency (f) over a sample in equilibrium at 
stationary bias.142 The impedance at a specific frequency is denoted Z(f) and can be presented as 
the product of Ṽ and Ĩ, where Ĩ is an AC modulation (Equation 1.14): 
𝑍(𝑓) =  
Ṽ
Ĩ
                      (1.14) 
The impedance can be seen as a frequency dependent differential resistance of the I-V curve, 
because of the small amplitude of the AC voltage modulation (Figure 1.25).134 For the full 
impedance spectrum, a measurement is made in a frequency range from Hz to kHz. 
 
Figure 1.25. Schematic representation of the relationship between a I-V plot and its differential resistances measured by EIS. 
Individual differential resistance components of the I-V curve appear as separate impedance arcs due to their different characteristic 





EIS results are typically presented in Nyquist and Bode plots, fitting of which results in parameters 
including a series resistance (Rs), a resistance (RPt) and capacitance (CPt) of a counter electrode, 
recombination resistance (Rrec), chemical capacitance (Cμ) and diffusion resistance of charge 
carriers in an electrolyte (Rd). Impedance plots include the real (Z') and imaginary (Z') parts. 
Classically, a Nyquist plot consists of three semicircles at open circuit potential (Figure 1.26a). 
The high frequency region before the beginning of the curve depicts the series resistance. The first 
semicircle at high f is associated with the counter electrode, the second semicircle with the 
semiconductor-electrolyte interface, and the last semicircle at low f with the diffusion of the 
electrolyte. The resistance value can be estimated by the width of the arc along the abscissa.143 The 
Bode plot provides an important representation of resistances from the plateaus (Figure 1.26b). 
The electron lifetime (τ) is a critical parameter, which is inversely proportional to the maximum 
frequency (fmax), and can be extracted from the Bode plot.
144 
 
Figure 1.26. (a) Nyquist plot representation; (b) Bode plots representation. 
 
EIS spectra can be recorded with different irradiation intensities, circuit conditions and frequency 
ranges. Under carefully chosen conditions a significant number of essential processes can be 
distinguished according to the spectral shapes of an impedance response, including electron 
transport in the TiO2, electron recombination at the TiO2-electrolyte interface and charge transfer 
at a counter electrode.145 Data extracted from J-V curves can be explained in more detail with the 
help of EIS. For example, EIS parameters including the recombination resistance, chemical 
capacitance, transport resistance and diffusion length contribute to the value of JSC for a DSC. This 
allows for a more precise explanation about the limiting factors of the DSC performance. Many 
studies have been reported in order to investigate the correct interpretation of EIS results.146-151 
For the fitting of the experimental EIS data, the equivalent circuit model 1 was used (Figure 1.27). 
This circuit model 1 consists of five elements and includes a series resistance (Rs), a resistance 




element (DX1) to represent the mesoporous TiO2/electrolyte interface as a transmission line 
model, and a Warburg short element (Ws), which represents the diffusion of the electrolyte. The 
transmission line model is broadly used for the fitting of DSCs impedance plots. The constant 
phase element is employed because of the roughness of the surface.140, 152 
 
Figure 1.27. The equivalent circuit model used in this study. 
The chemical capacitance was calculated according to Equation 1.15, where Q is a pre-factor of 
CPE and α is an empirical constant. 
𝐶𝜇 = (𝑅𝑟𝑒𝑐
1−𝛼𝑄)1/𝛼                                                      (1.15)               
The diffusion length (Ld) was calculated according to Equation 1.16, where d is the thickness of 




                                                                  (1.16)               
The electron lifetime (τ) was calculated according to Equation 1.17. 





















The content in this chapter has been published.3 Part of this study was performed with the help of 




The sandwich-type structure of the DSC makes the manufacturing process undemanding under 
laboratory conditions but results in the need for reproducible measurements for acceptable DSC 
characterization. This is a challenge when cells are made by different members of the research 
group. Electrochemical impedance spectroscopy offers the possibility to study complex electronic 
systems and is commonly used for investigating the interfacial processes in solar cells. There is a 
tendency in the literature for researchers to present impedance data only for one representative 
device, that leads to discussions of the data without confirmation that the data are reproducible. At 
the same time, as current density-voltage plots illustrate, measurements can vary within one set of 
DSCs with identical components. In this chapter, multiple DSC impedance measurements are 
presented on “identical” devices prepared using two commercial dyes (one metal-free dye and one 




To the best of our knowledge, there is no discussion in the literature of how reproducible EIS 
results for DSCs are. Usually, published data refer only to one measured cell. It is a common, but 
by no means universal, practice for current density-voltage measurements to be presented in the 
literature for two or more cells. A reproducibility study of DSCs with the standard dye N719 
showed only a small deviation in η of 5.76±0.14%.153 In order to broaden this investigation to gain 
insight into the reproducibility of EIS measurements for DSCs, we performed impedance analysis 
of DSCs functionalized with the two commercially available dyes, N719 and SQ2. The Nyquist 
profiles are considerably different for N719 and SQ2 (Figure 2.1) 62, 154, 155 and in this paper we 
examine the impedance reproducibility for DSCs sensitized with a metal complex and an organic 
dye. 
                                                 









DSC fabrication is described in the First Chapter, Part 2. The dipping time of the working 
electrodes for N719 in the dye bath containing the dye (0.3 mM in EtOH) was 16 h and for SQ2 
(0.1 mM in CH2Cl2) was 1 h.
153  The electrolyte contained the I3
–/I– redox shuttle and had a 
composition of 0.1 M LiI, 0.05 M I2, 0.5 M 1-methylimidazole and 0.6 M 1-butyl-3-
methylimidazolium iodide in 3-methoxypropionitrile for both N719 and SQ2. 
 
3.1 Effect of the pre-irradiation of DSCs 
 
In order to study the reproducibility of the EIS experiments, we measured two sets of DSCs with 
dyes N719 and SQ2. For the fitting of the N719 set, we used the equivalent circuit model 1 
(Figure 2.2a). This circuit model 1 consists of five elements and was described in detail in First 
Chapter. Unfortunately, model 1 is not always suitable. In the case of the SQ2 set, a simplified 
equivalent circuit model is needed (model 2), which does not have a DX1 element (Figure 2.2b). 
Instead, elements R1 and CPE1 model a recombination charge transfer resistance and chemical 
capacitance. The usage of model 1 will result in extremely high transport resistance values, which 
will be greater than recombination resistance. This effect shows that transmission line model 
cannot be used. For realistic comparison between N719 and SQ2-based DSCs, we also used 




two different dyes and the reproducibility of EIS experiments in terms of two models – circuit 
model 1 and circuit model 2 in the case of the N719-based DSCs. 
 
Figure 2.2. The two different equivalent circuit models used in this study: (a) The equivalent circuit model 1 used for fitting N719 
sensitized DSCs; (b) the equivalent circuit model 2 used for fitting DSCs with N719 or SQ2 as sensitizer. 
Our first goal was comparing and understanding the reproducibility of the DSCs during EIS 
measurements. It is known that the J-V performance and PCE are dependent on the pre-irradiation 
of DSCs before measurements.156 In 2013, Nguyen et al. published a work where they performed 
light stress EIS measurements within a period of 6 to 175 hours.157 It was shown that impedance 
spectra significantly changed depending on the time under irradiation. Thus, we decided to test if 
a pre-irradiation of cells is also beneficial for EIS. We measured two DSCs with N719 and two 
with SQ2. The experiments were performed directly after fabrication of the DSCs without pre-
irradiation (WOPI) and each DSC was measured 5 times with a break of 15 minutes between 
measurements. Then, in the same manner, we measured the same DSC after pre-irradiation (API) 
of 15 minutes with the light intensity of 1 sun at 1.5 AM (100 mW cm–2). The J-V parameters with 
and without pre-irradiation are shown in Table 2.1, Figure 2.3. Between the EIS experiments, the 
DSCs were kept under ambient light. 
Table 2.1. J-V parameters for DSCs with N719 and SQ2 dyes WOPI and API. All DSCs were masked. 
DSC JSC / mA cm–2 VOC / mV ff / % η / % 
N719 WOPI cell 1 14.64 622 68 6.17 
N719 WOPI cell 2 12.84 603 69 5.33 
N719 API cell 1  14.62 621 66 6.04 
N719 API cell 2  12.70 613 67 5.24 
SQ2 WOPI cell 1 1.07 465 70 0.35 
SQ2 WOPI cell 2 1.67 480 71 0.57 
SQ2 API cell 1 1.74 477 71 0.58 






Figure 2.3. J-V curves for dyes N719 (blue) and SQ2 (green) measured without pre-irradiation (WOPI) and after pre-irradiation of 
15 minutes (API). 
 
According to the data in Table 2.2, the time at which the EIS measurements are made after building 
the DSC has an impact on the impedance measurements. We observed that DSCs with SQ2 were 
more affected by the waiting time before the measurement than N719-based cells.  
Table 2.2. The EIS parameters for DSCs with N719 and SQ2 dyes. The DSCs were measured without pre-irradiation. 





N719 WOPI 0 min 26 845 22 11 15 7 4 
N719 WOPI 15 min 22 905 20 11 13 8 4 
N719 WOPI 30 min 19 955 18 10 13 8 4 
N719 WOPI 45 min 22 981 22 10 12 8 5 
N719 WOPI 60 min 22 970 21 10 12 8 5 
SQ2 WOPI 15 min 185 18 3 15 12 32 9 
SQ2 WOPI 30 min 136 20 3 11 12 23 6 
SQ2 WOPI 45 min 107 22 2 11 11 20 6 
SQ2 WOPI 60 min 94 23 2 10 11 19 5 
1 The DSC SQ2 WOPI 0 min was not fitted due to high resistance values, which resulted in a high error of the fitting. 
For N719, Rrec was only slightly affected by standing for four periods of 15 minutes (hereafter, 
referred to as 60 minutes) after cell fabrication and the values changed only from 26 to 22 Ω. On 
the other hand, the values of Cμ changed from 845 to 970 μF, τ values were only slightly variable 




the counter electrode stay constant. In the case of SQ2-based DSCs, we could clearly observe a 
trend that after each 15 minutes period of allowing the DSC to stand in ambient light, Rrec 
significantly decreased. The Rrec values reduced from 185 to 94 Ω, which is reflected in the values 
of Cμ and Rd. At the same time, the counter electrode was affected with RPt changing from 32 to 
19 Ω after 60 minutes of standing after DSC fabrication. 
For both DSC sets, the main difference between 0 minutes and 60 minutes under ambient light 
after cell building lies in recombination resistance and capacitance values. For both sensitizers, the 
recombination resistance decreases with the standing time. The value of Cμ depends on the values 
of Rrec, Q and α according to equation (2.4). The values of α stay constant over 60 minutes, and 
values of Q have only a small variation (Table 2.3). Thus, Rrec has the highest impact on Cμ and its 
lower values result in a higher chemical capacitance. 
Table 2.3. Experimental parameters α and Q needed for the correction of CPE and the final capacitance for DSCs with N719 and 
SQ2 dyes WOPI and API. 
DSC  Cμ / μF α Q 
N719 WOPI 0 min 845 0.92 1.2E-3 
N719 WOPI 15 min 905 0.92 1.3E-3 
N719 WOPI 30 min 955 0.91 1.3E-3 
N719 WOPI 45 min 981 0.91 1.4E-3 
N719 WOPI 60 min 970 0.91 1.4E-3 
SQ2 WOPI 15 min 18 0.88 3.6E-5 
SQ2 WOPI 30 min 20 0.87 4.2E-5 
SQ2 WOPI 45 min 22 0.87 4.8E-5 
SQ2 WOPI 60 min 23 0.87 5.1E-5 
  
It is known 146 that Rrec values are lower under irradiation than in the dark. Our next step was to 
measure DSCs after pre-irradiation. According to the data in Figure 2.3 and Table 2.1, the J-V 
curves for N719-based DSCs were not affected by the pre-irradiation in contrast to the SQ2-based 
cells. For N719, Rrec changed from 19 to 22 Ω from 0 minutes to 60 minutes API (Table 2.4). 
These resistance values are very similar to the values obtained between 15 and 60 minutes after 
DSCs building WOPI. The Cμ values between 0 and 60 minutes API have only a small variation 
(976 to 990 μF) compared to those WOPI. For the SQ2 dye, we observed the opposite trend. The 
increase in JSC results in a higher overall performance, which is reflected in the impedance of the 




in Rrec values is greater than 10 Ω. Other parameters including τ, Rd and counter electrode 
parameters, stay constant. 
Table 2.4. The EIS parameters for DSCs with N719 and SQ2 dyes. The DSCs were measured with 15 minutes pre-irradiation under 
1 sun at 1.5 AM (100 mW cm–2). Between the measurements, DSCs were kept under ambient light. 
DSC Rrec / Ω Cμ / μF τ / ms Rd / Ω Rs / Ω RPt / Ω CPt / μF 
N719 API 0 min 19 976 19 11 11 9 5 
N719 API 15 min 23 948 22 10 11 9 5 
N719 API 30 min 20 991 20 10 11 9 5 
N719 API 45 min 20 1007 20 10 11 9 5 
N719 API 60 min 22 990 21 10 13 9 5 
SQ2 API 0 min 65 37 2 10 10 17 5 
SQ2 API 15 min 62 37 2 9 10 18 5 
SQ2 API 30 min 56 39 2 9 10 17 5 
SQ2 API 45 min 48 42 2 9 10 16 5 
SQ2 API 60 min 52 42 2 9 10 17 5 
 
3.2 General reproducibility of DSCs in terms of EIS measurements 
 
To check the impedance reproducibility of DSCs and to confirm how many cells should be 
measured in order to obtain an overview of representative cell impedance for a target system, we 
measured 15 DSCs containing N719 and 15 cells with SQ2 API in the range of 45 - 60 minutes. 
The experimental data are presented in Figure 2.4. For N719, three semi-circles in each Nyquist 
plot could be clearly separated from each other. In the case of SQ2, the first two semi-circles 
overlap, which makes electron transport resistance indistinguishable from Rrec. Thus, the model 2 





Figure 2.4. Nyquist plots of the DSCs with N719 (dark) and SQ2 (bright) sensitizers. Plots represent experimental data. 
 
As mentioned above, in the case of N719, we fitted the EIS curves using both models 1 and 2. 
Since model 1 is commonly used, we have shown, that the data in Tables 2.5 and 2.6 reveal that 
the fitting with model 1 compared to that using model 2 does not result in significant differences 
in recombination resistance, chemical capacitance, empirical constant, electron lifetime and 
diffusion resistance. The platinum counter electrode fitting is also comparable for both models. 
Thus, our further statistical analysis can be suitable for model 1 as well. The fitted data are shown 
in Figures 2.5-2.7. Data for J-V measurements are presented in Table 2.7. 
Table 2.5. The EIS parameters for DSCs with N719 dye with fitting model 1. 
DSC Rrec / Ω Cμ / μF α τ / ms Rd / Ω Rs / Ω RPt / Ω CPt / μF 
N719 cell 1 25 759 0.93 19 12 11 11 4 
N719 cell 2 22 724 0.95 16 11 11 8 4 
N719 cell 3 24 902 0.94 22 9 14 7 4 
N719 cell 4 22 853 0.94 19 10 11 8 5 
N719 cell 5 25 850 0.93 22 11 10 8 5 
N719 cell 6 24 972 0.94 24 9 11 6 5 
N719 cell 7 25 957 0.95 24 14 14 7 4 
N719 cell 8 23 934 0.94 21 11 10 9 4 
N719 cell 9 28 955 0.94 26 11 9 7 5 




N719 cell 11 22 756 0.94 17 10 11 8 4 
N719 cell 12 17 810 0.96 14 9 12 6 4 
N719 cell 13 23 670 0.95 16 10 10 7 5 
N719 cell 14 25 718 0.94 18 10 10 8 4 
N719 cell 15 29 615 0.95 18 9 11 7 4 
 
Table 2.6. The EIS parameters for DSCs with N719 dye API (45-60 min), which were fitted with model 2. The Nyquist and Bode 
plots are presented in Figures 2.5-2.7.   
DSC Rrec / Ω Cμ / μF α τ / ms Rd / Ω Rs / Ω RPt / Ω CPt / μF 
N719 cell 1 25 756 0.92 19 12 12 13 4 
N719 cell 2 22 724 0.95 16 11 11 9 4 
N719 cell 3 24 902 0.94 22 9 14 8 4 
N719 cell 4 22 852 0.94 19 10 11 9 4 
N719 cell 5 26 847 0.92 22 11 10 9 4 
N719 cell 6 24 971 0.94 24 9 11 7 5 
N719 cell 7 25 955 0.94 24 14 14 8 4 
N719 cell 8 23 927 0.93 21 11 10 10 4 
N719 cell 9 28 951 0.94 26 11 9 8 5 
N719 cell 10 27 826 0.93 22 11 14 13 4 
N719 cell 11 22 753 0.94 17 10 11 9 4 
N719 cell 12 17 801 0.95 14 9 12 6 4 
N719 cell 13 24 660 0.94 16 10 10 9 4 
N719 cell 14 26 711 0.93 18 10 10 10 4 






Figure 2.5. EIS data for DSCs with N719 dye (cells 1-5). (a) Nyquist plots, the expansion shows the high frequency region. (b) 







Figure 2.6. EIS data for DSCs with N719 dye (cells 6-10). (a) Nyquist plots, the expansion shows the high frequency region. (b) 
Bode plot. Solid lines represent fitted curves, dotted lines represent experimental data. 
 
Figure 2.7. EIS data for DSCs with N719 dye (cells 11-15). (a) Nyquist plots, the expansion shows the high frequency region. (b) 




Table 2.7. J-V parameters for DSCs with N719 dye. All DSCs were masked. 
DSC JSC / mA cm–2 VOC / mV ff / % η / % 
N719 cell 1 13.37 604 69 5.59 
N719 cell 2 13.33 588 69 5.41 
N719 cell 3 14.19 611 67 5.85 
N719 cell 4 13.94 602 63 5.25 
N719 cell 5 14.12 606 66 5.67 
N719 cell 6 13.49 602 69 5.59 
N719 cell 7 13.15 595 66 5.13 
N719 cell 8 13.65 597 66 5.41 
N719 cell 9 13.70 606 68 5.64 
N719 cell 10 13.14 603 67 5.31 
N719 cell 11 13.46 581 68 5.28 
N719 cell 12 13.18 578 69 5.27 
N719 cell 13 13.30 592 70 5.54 
N719 cell 14 13.83 597 69 5.67 
N719 cell 15 13.13 579 68 5.20 
 
In Table 2.8, statistical data for N719-based DSCs are presented. These include maximum (max) 
and minimum (min) values, average, standard deviation (SD) and relative standard deviation 
(RSD). Statistical data were extracted from the fitted EIS parameters. The average value is a sum 
of all the values for a given parameter divided by 15 (Equation 2.1). SD is a statistical value, which 
gives information about the dispersion of a data set values (Equation 2.2). RSD is a ratio of the SD 
to the average and expressed as a percentage (Equation 2.3). 
𝑎𝑣𝑒𝑟𝑎𝑔𝑒 =  
𝑥1+𝑥2+⋯+𝑥𝑛
𝑛




∑ (𝑛𝑖 − 𝑛𝑎𝑣𝑒𝑟𝑎𝑔𝑒)
2𝑛
𝑖=1                                         (2.2) 
𝑅𝑆𝐷 =  
𝑆𝐷
𝑎𝑣𝑒𝑟𝑎𝑔𝑒
∙ 100                                                   (2.3) 
Table 2.8. Statistical data for N719-based DSCs extracted from the fitted EIS parameters. 
Parameter Rrec / Ω Cμ / μF τ / ms Rd / Ω RPt / Ω CPt / μF 
max 30 971 26 14 13 5 




Average 24 816 20 11 9 4 
SD 3 113 4 1 2 0.3 
RSD / % 12 14 18 13 19 6 
 
Analysis of the N719-based DSCs allows us to assess the statistical difference between 15 cells. 
RSD values for Rrec, Cμ, τ, Rd, RPt and CPt are in the range of 14% to 19% (Figure 2.8). The 
maximum value in the case of Rrec is 30 Ω, while the minimum value is 17 Ω, giving an average 
value of 24 Ω. Within the set of DSCs with N719, only 3 cells differ from the average value by 
more than 3 Ω. This shows that the RSD value of 12% is mainly due to a few outlying cells and 
most of the DSCs have good reproducibility in terms of recombination resistance. The values of 
Cμ are not as reproducible as Rrec and range from 604 to 971 μF. Thus, the SD of the chemical 
capacitance is ±113 μF and the average is 816 μF, giving an RSD of 14%. The average value of 
Rd is 11 Ω and the SD is ±1 Ω. Most of the cells have Rd values between 9 Ω and 12 Ω with one 
DSC having Rd = 14 Ω. This results in an RSD value of 13%. The highest RSDs are observed for 
τ and RPt with 18% and 19%, respectively. Since values of τ depend on Rrec and Cμ 158, the range 
of τ values is rather broad (14 to 26 ms). The counter electrode values are usually considered as 
constant and should have minimal deviation from cell to cell. Despite this, the DSCs in this 
investigation exhibit an RSD of RPt of 19%. Most of the cells have RPt in the range of 9 ± 2 Ω but 
two cells with RPt = 13 Ω. The values of CPt have the smallest RSD of 6% and lie between 5 and 6 
μF. Nonetheless, the fact that there are outlying cells underlines the importance of acquiring EIS 





Figure 2.8. The overview of RSD for N719 and SQ2 dyes. Dark blue bars refer to N719, bright blue bars to SQ2. 
 
In order to understand whether SD values for N719 could be considered as rather high or low, we 
performed same study for SQ2 dye. Compared to DSCs containing N719, SQ2-based DSCs exhibit 
a lower reproducibility in terms of overall performance because of the significant differences in 
values of JSC (Table 2.9). The same trend is observed in the EIS measurements. In Table 2.10, EIS 
parameters for 15 DSCs with SQ2 as the sensitizer are presented. The fitted data are shown in 
Figures 2.9-2.11. 
Table 2.9. J-V parameters for DSCs with SQ2 dye. All DSCs were masked. 
DSC JSC / mA cm–2 VOC / mV ff / % η / % 
SQ2 cell 1 2.85 458 69 0.9 
SQ2 cell 2 2.59 471 70 0.86 
SQ2 cell 3 2.52 466 71 0.83 
SQ2 cell 4 3.29 470 69 1.06 
SQ2 cell 5 2.88 463 69 0.92 
SQ2 cell 6 3.97 486 70 1.35 
SQ2 cell 7 2.84 466 68 0.91 
SQ2 cell 8 3.31 479 70 1.1 
SQ2 cell 9 3.65 484 68 1.2 
SQ2 cell 10 2.94 473 70 0.98 
SQ2 cell 11 3.77 479 69 1.24 




SQ2 cell 13 2.27 484 72 0.79 
SQ2 cell 14 2.14 487 72 0.75 
SQ2 cell 15 3.83 496 72 1.36 
 
Table 2.10. The EIS parameters for DSCs with SQ2 dye API (45-60 min), which were fitted with model 2. The Nyquist and Bode 
plots are presented in Figures 2.9-2.11. 
DSC Rrec / Ω Cμ / μF α τ / ms Rd / Ω Rs / Ω RPt / Ω CPt / μF 
SQ2 cell 1 45 39 0.81 2 8 11 20 4 
SQ2 cell 2 53 30 0.80 2 2 12 12 5 
SQ2 cell 3 54 26 0.79 1 8 10 12 5 
SQ2 cell 4 37 32 0.82 1 11 11 19 5 
SQ2 cell 5 52 27 0.81 1 11 11 26 5 
SQ2 cell 6 37 36 0.82 1 9 10 16 4 
SQ2 cell 7 72 23 0.80 2 11 13 17 5 
SQ2 cell 8 38 35 0.82 1 10 11 14 5 
SQ2 cell 9 33 66 0.83 2 9 11 21 4 
SQ2 cell 10 57 35 0.81 2 10 10 20 5 
SQ2 cell 11 41 45 0.82 2 11 12 19 5 
SQ2 cell 12 34 93 0.86 3 9 13 24 4 
SQ2 cell 13 45 59 0.88 3 10 11 30 4 
SQ2 cell 14 44 77 0.89 3 11 14 27 4 













Figure 2.9. EIS data for DSCs with SQ2 dye (cells 1-5). (a) Nyquist plots, the expansion shows the high frequency region. (b) Bode 






Figure 2.10. EIS data for DSCs with SQ2 dye (cells 6-10). (a) Nyquist plots, the expansion shows the high frequency region. (b) 
Bode plot. Solid lines represent fitted curves, dotted lines represent experimental data. 
 
 
Figure 2.11. EIS data for DSCs with SQ2 dye (cells 11-15). (a) Nyquist plots, the expansion shows the high frequency region. (b) 




The statistical analysis of the EIS parameters confirms the lower reproducibility for SQ2 compared 
to N719-containing devices (Table 2.11, Figure 2.8). The Rrec values range between 72 and 33 Ω 
with an average value of 45 Ω. The SD and RSD values are ±11 Ω and 24% compared to 3 Ω and 
12% for N719, respectively. The Cμ values vary widely (93 to 23 μF) with an average value of 47 
μF leading to an RSD = 47%. Since Rrec and Cμ are related to JSC, their high RSD values could 
explain the low reproducibility of JSC, which varies from 3.94 to 2.14 mA cm
–2. The electron 
lifetime maximum and minimum values are 3 and 1 ms, respectively (τaverage = 2 ms). This leads 
to an SD of ±1 ms and RSD of 41%. The Rd has only one outlying cell with a value of 2 Ω which 
leads to an RSD value of 25% for the set of 15 DSCs. The rest of the DSCs have Rd values within 
the range of 8 to 11 Ω. The RPt values of the counter electrodes vary significantly (12 to 30 Ω), 
more so than for the N719-based DSCs. The SD is ±5 Ω and RSD is 27%. At the same time, CPt 
stays more or less constant and has a standard deviation of ±1 μF with an average value of 5 μF, 
resulting in an RSD of 11%.      
Table 2.11. Statistical data for SQ2-based DSCs extracted from the fitted EIS parameters. 
Parameter Rrec / Ω Cμ / μF τ / ms Rd / Ω RPt / Ω CPt / μF 
max 72 93 3 11 30 5 
min 33 23 1 2 12 4 
average 45 47 2 9 20 5 
SD 11 22 1 2 5 1 
RSD / % 24 47 41 25 27 11 
 
Cμ and Rrec represent the shift of the conduction band and electron injection rate, which affect the 
JSC values. In Figure 2.12, values of Cμ and Rrec are presented as a function of JSC for both the 
N719 and SQ2 dyes, since all three parameters are related to one other. The data for the two dyes 
form separate groups on the graph and can be easily distinguished between each other, despite the 












The results in this chapter confirm that it is important to perform EIS measurements on multiple 
cells to ensure representative data are collected about the electronic processes in DSCs. SQ2 is a 
good example of a dye which has a wide variability and illustrates how diverse the parameters can 
be within one set of devices with identical components and fabricated in the same manner. There 
is a strong tendency in the DSC literature to present EIS data for only one device for a given dye 
and conclusions based on these data may be erroneous. Best practice would be to perform EIS 
















1. Motivation  
 
Iron(II)-sensitizers are a promising alternative to ruthenium(II) complexes as well as organic 
(so-called 'metal-free') dyes due to the higher abundance and lower cost of iron versus ruthenium. 
It has been demonstrated in ruthenium(II) and copper(I) sensitizers that a carefully chosen 
electrolyte composition can remarkably enhance the DSC performance.63, 79, 108, 159, 160 Classically, 
an electrolyte consists of a redox couple and various additives. The most common redox couple 
(shuttle) in the electrolyte is iodide/triiodide (I–/I3
–) couple.  
In this work, we investigated more closely the effects of additives in the electrolyte and their 
impact on the performances of iron(II)-sensitized solar cells while retaining the I–/I3
– redox shuttle. 
This chapter starts with a discussion of DSCs based on bis(2,2':6',2"-terpyridine)iron(II) 
complexes used as sensitizers and their optimisation. Then, a detailed electrolyte composition 
study will be presented for DSCs sensitized with heteroleptic N-heterocyclic carbene (NHC) 
iron(II) complexes. 
  
2. Optimisation of DSC sensitized with bis(2,2':6',2"-terpyridine)iron(II) complexes 
 
The study started with the literature-known bis(4'-phenyl-2,2':6',2''-terpyridine)iron(II) complex 
[Fe(Phtpy)2]
2+ III-1 (Figure 3.1). [Fe(Phtpy)2][PF6]2 was prepared by complexation of Phtpy with 
iron(II) chloride followed by anion exchange. [Fe(Phtpy)2]
2+ is a homoleptic complex, which 





Figure 3.1. Structure of [Fe(Phtpy)2]2+ (III-1) complex. 
To overcome this limitation, a phosphonic acid was introduced to the tpy-ligand as an anchoring 
group in order to adsorb the complex on the semiconductor surface. The scaffold of the tpy-ligands 
was synthesized via the Kröhnke reaction (Scheme 3.1). In the first step, 
4'-(4-bromophenyl)-2,2':6',2''-terpyridine III-3 was prepared by Michael adduct formation 
following reaction with ammonia. Then, the phosphonic ester group was introduced by a 
cross-coupling reaction with diethyl phosphite (Scheme 3.2). The obtained ester III-4 was 
hydrolysed to afford the target terpyridine phosphonic acid III-5.  
 





Scheme 3.2. Synthesis of terpyridine phosphonic acid 5. 
Compound III-2 was used for preparing a heteroleptic tpy-complex using FeCl2. The isolation of 
a heteroleptic tpy complex [FeLanchorLancill]
2+ is not trivial, because the equilibrium is shifted in 
solution towards a stoichiometric mixture of the target complex [FeLanchorLancill]
2+ and the two 
homoleptic complexes [FeLancillLancill]
2+, [FeLanchorLanchor]
2+ (Scheme 3.3).  
 
Scheme 3.3. Synthesis of heteroleptic complex [Fe(III-5)(Phtpy)]2+, where Lanchor is III-5 and Lancill is III-2 (Phtpy). 
In order to avoid such limitations, we decided to assemble the complex directly on the 
semiconductor surface. The commonly used strategy ‘surface-as-ligand, surface-as-complex’ 
(SALSAC) 161 was developed for the assembly of heteroleptic copper(I) complexes on 
nanoparticulate TiO2 surfaces and has a broad application in the field of DSCs. The strategy 
consists of a stepwise approach, the so called two or three step dye assembly (Figure 3.2). The 
three step path describes the adsorption of the anchoring ligand on the semiconductor surface by 
dipping the TiO2 electrode in a solution of Lanchor III-5 (in DMSO). Then, the electrode is dipped 
in the FeCl2 solution (in EtOH) and afterwards in an Phtpy (an ancillary ligand III-2) solution in 
MeCN (Figure 3.3a-c). The second two-step approach (from now on called the ligand exchange 
approach) includes a ligand exchange step with the [Fe(Phtpy)2]
2+ complex instead of the FeCl2-
Lancill dipping following the immersion of an electrode in a Lanchor solution (Figure 3.3a,d). The 




Figure 3.2. Stepwise approach (a-b-c) and ligand exchange (a-d) strategy for [Fe(III-5)(Phtpy)]2+ dye assembling on the 
semiconductor surface. 
 
Figure 3.3. Stepwise approach (a-b-c) and ligand exchange (a-d) strategy for dye assembling on the semiconductor surface: a. an 
anchoring group on the ligand 5 covalently attaches to the TiO2; b. metal ion is coordinated to the ligand binding site; c. an ancillary 
ligand 2 binds to the metal ion and forms the final heteroleptic complex [Fe(III-5)(Phtpy)]2+; d. ligand exchange between a 
homoleptic metal complex [Fe(Phtpy)2]2+ and an anchoring ligand results in the final heteroleptic complex [Fe(III-5)(Phtpy)]2+. 
We performed solid state UV-Vis spectroscopy (SSUV-Vis) to find out if there are any absorption 
differences between the product of the two dye assembling approaches. Two electrodes were 
measured for each approach to confirm the reproducibility. As shown in Figure 3.4, the maximum 
absorbance is observed at λmax ≈573 nm, which is characteristic for the MLCT band of 
[Fe(Phtpy)2]
2+ complexes. Despite the high energy band at λmax, the complex does not have a broad 
absorption in the visible region and shows limitations in the range of 470-620 nm. Comparing the 
two dye assembling approaches, the absorbance is slightly higher for the stepwise pathway than 





Figure 3.4. Solid state UV-Vis absorption spectra of Fe(II) complexes on a TiO2 surface using stepwise (blue) and ligand exchange 
(yellow) approaches. Violet line refers to ruthenium complex N719 used as a standard. 
Not only the dye is responsible for the DSC performance. The electrolyte has a great influence on 
PCE as well. Our starting point for measuring the overall performance of iron-based DSCs was 
the electrolyte Stnd II PF. It consists of LiI, I2, 1-butyl-3-methylimidazolium hexafluorophosphate 
(BMIPF) and 1-methylbenzimidazole (MBI) in 3-methoxypropionitrile (MPN) as solvent 
(Figure 3.5, Table 3.1, electrolyte composition Stnd II PF). The first DSCs devices with 
[Fe(III-5)(Phtpy)]2+ complex had shown no performance. As a consequence, we had to change our 
electrolyte composition. In iodide/triiodide redox couple iodine binds with iodide for formation of 
triiodide (Equation 3.1).84  
𝐼2 + 𝐼
− = 𝐼3
−                                                         (3.1) 
Thus, iodine concentration influences the redox shuttle formation. Since iodide/triiodide redox 
couple was used in our case, the concentration of iodine was changed from 0.05 to 0.1 M 
(Table 3.1, electrolyte composition Stnd II A). 
 







Table 3.1. Electrolyte compositions used for the [Fe(III-5)(Phtpy)]2+-based DSCs with MPN as a solvent. 
Electrolyte LiI / M I2 / M BMIPF / M MBI / M 
Stnd II PF 0.10 0.05 0.60 0.50 
Stnd II A 0.10 0.10 0.60 0.50 
Stnd II B 0.20 0.10 0.60 0.50 
 
The performances of both DSC sets were low compared to the commonly used reference dye N719 
(Table 3.2). However, to our knowledge it was the first performing DSC based on an 
[Fe(III-5)(Phtpy)]2+ complex. The open-circuit voltage is pleasingly high when compared to N719, 
but low values of JSC lead to PCE values of 0.02-0.05% (Table 3.2). Despite the fact that the 
SSUV-Vis absorption is higher for the stepwise approach, the performance of DSCs based on this 
dye assembly strategy is lower compared to the ligand exchange on the surface (Table 3.2). This 
can be explained with two times higher JSC values for DSCs KAM013. The unmasking of 
KAM014 DSCs did not improve the overall efficiency (the effect of masking is described in the 
First Chapter, Section 2.2). Despite a higher VOC value, JSC was not affected by mask removal 
(Figure 3.6). This observation is not so different from the trends seen on masking DSCs with a 
bis(diimine)copper(I) sensitizer.162 The electrolyte Stnd II A caused for N719 a low efficiency of 
0.82% compared to values (PCE of ≈ 6.0%) obtained with an electrolyte, which is commonly 
employed for this dye (LiI 0.10 M, I2 0.05 M, BMII 0.60 M and MBI 0.50 M in MPN). These 
results demonstrate that an increased amount of iodine in the electrolyte system is beneficial only 
for [Fe(III-5)(Phtpy)]2+ dye and not for N719. Further changes in the electrolyte did not lead to 
additional positive effects. Increasing the LiI concentration from 0.10 to 0.20 M (Table 3.1, 
electrolyte Stnd II B) resulted in no current going through the cell. Another electrolyte with I–/I3
– 
redox shuttle (LiI 0.10 M, I2 0.05 M and TBP 0.50 M) in MeCN had a negative influence on PCE. 
Changing the redox couple to Co2+/Co3+ (electrolyte composition [Co(bpy)3][PF6]2 0.20 M, 
[Co(bpy)3][PF6]3 0.05 M, 4-tert-butylpyridine 0.20 M, LiClO4 0.10 M in MeCN) resulted in no 
current going through cells. 
Table 3.2 Parameters for DSCs with [Fe(III-5)(Phtpy)]2+ as sensitizers using different dye assembly approaches. The tested 
electrolyte was Stnd II A. All DSCs were fully masked if not mentioned different. 
DSC Dye assembly JSC / mA cm–2 VOC / mV ff / % η / % 
N719 – 2.11 602 64 0.82 
KAM013 cell 1 Ligand exchange 0.14 445 71 0.05 
KAM013 cell 2 Ligand exchange 0.15 437 59 0.04 




KAM014 cell 1 
unmasked 
Stepwise 0.07 469 69 0.02 
KAM014 cell 2 
unmasked 1 
Stepwise 0.06 520 65 0.02 
1 Due to the low performance, KAM014 cell 2 is presented only unmasked. No current was detected with mask.  
 
 
Figure 3.6. J-V curves for DSCs KAM013 and KAM014 with electrolyte Sntd II A.  
Different derivatives of tpy-ligands (III-6 – III-10, Figure 3.7) were prepared by the Kröhnke 
pyridine synthesis starting from substituted benzaldehyde or isonicotinaldehyde and 
2-acetylpyridine (Scheme 3.4). The ligands III-7 – III-10 were chosen to create a push-pull 
complex design. The ancillary ligand III-6 has a negative mesomeric effect and it was of our 
interest to compare its performance with donative systems. All ancillary ligands were used in dye 
assembly with phosphonic acid III-5 as the anchoring ligand via the stepwise approach. However, 
DSCs based on these dyes had only low short-circuit current densities (JSC ≤ 0.01 mA cm
–2) 
looking at the cells with the electrolytes mentioned above (Tables 3.1 and 3.2). 
 





Figure 3.7. Structures of tpy derivatives used as ancillary ligands for various dyes [Fe(III-5)(Lancill)]2+ assembled with the stepwise 




3. Electrolyte tuning for DSCs sensitized with Fe-NHC complexes 4 
 
The part of this study was performed with a help of Wahlpraktikum student Vanessa Wyss. 
As discussed in the Introduction (First Chapter), iron(II)-complexes suffer from electron 
recombination from an MLCT state to a low-lying MC state. A short electron lifetime results in 
an inefficient electron injection and low values of JSC. In 2013, the first iron(II) NHC complex 
with an extended 3MLCT lifetime was published by the group of Wärnmark (Figure 3.8, 
complex I-3).82 In 2015, Gros and co-workers reported an Fe-NHC based DSC with an I–/I3
– redox 
shuttle and PCE of 0.13% (PCE of 6.1% with a respect to N719 reference, Figure 3.8, 
complex I-4).83 However, this report does not mention the use of a mask for the DSCs during J–V 
measurements, and it is therefore assumed that the cells were not masked. As noted above, this 
could lead to an over-estimation of cell performance. 
 
Figure 3.8. The structures of iron(II) NHC complexes I-3 and I-4. 
Having decided to move from the [Fe(tpy)2]
2+-based dyes to iron(II) NHC dyes, we chose to focus 
on electrolyte-tuning as a first exploration, rather than develop the dye structure. Both 
compounds I-3 and I-4 have previously been reported.83, 125 The synthesis of I-4 is shown in 
Scheme 3.5. In the first step, the 2,6-dibromoisonicotinic acid (III-11) was synthesized via 
metalation of 2,6-dibromopyridine and sequential quench with dry ice. The product was isolated 
with 67% yield. This reaction will be discussed in detail in the Fourth Chapter. In the next step 
ligand I-8 was synthesized in 41% yield from 2,6-dibromoisonicotinic acid via substitution 
                                                 
4 Parts of this study have been published: 
a. M. Karpacheva, C. E. Housecroft, E. C. Constable, Beilstein J. Nanotechnol. 2018, 9, 3069. 




reaction with 1-methylimidazole. The last step includes the complexation reaction of the ligand 
with iron(II) chloride in the presence of KOtBu as the base. The reaction afforded the target 
complex I-4 in 56% yield.  
 
Scheme 3.5. The synthesis of dye I-4. 
The previously reported study has focused on the structural modification of Fe(NHC)-complexes. 
Our investigations of [Fe(Phtpy)2]
2+ as a sensitizer have shown that changes in an electrolyte 
composition have a noticeable effect on the PCE of an iron-based DSC. Here, we demonstrated 
the influence of varying electrolyte composition on the DSC performance sensitized by the NHC 
iron(II) dye I-4 shown in Figure 3.8. From here on utill the end of the third chapter we will 
exclusively focus on electrolyte optimisation and the working electrode is sensitized with dye III-4 





3.1 Electrolyte optimisation based on effects of solvent and additives 
 
3.1.1 The effect of solvent and ionic liquid 
 
The Stnd II A electrolyte was first investigated for iron(II) NHC-based DSCs, since it was the only 
one performing for a DSC sensitized with [Fe(III-5)(Phtpy)2]
2+. The reference was the 
commercially available (Solaronix) electrolyte AN-50 (Table 3.3) employed by Gros 83 combined 
with an I–/I3
– redox shuttle, 1,2-dimethyl-3-propylimidazolium iodide (PDMII, Figure 3.9) and 
various N-containing heterocyclic additives in MeCN (Table 3.3).   
Table 3.3. Parameters for DSCs with NHC Fe(II)-complex as sensitizer with Stnd II A electrolyte. For the electrolyte compositions 
see Table 3.1. All DSCs were fully masked. 
DSC JSC / mA cm–2 VOC / mV ff / % η / % 
Stnd II A cell 1 0.03 35 28 0.0003 
Stnd II A cell 2 0.02 42 29 0.0003 
AN-50 1 0.41 457 68 0.13 
1 Previously published data by Gros.83   
 
 
Figure 3.9. Structures of 1-propyl-2,3-dimethylimidazolium iodide (PDMII) and 1-butyl-3-methylimidazolium iodide (BMII). 
The performances of NHC iron(II)-based DSCs with electrolyte Stnd II A were lower than 
previously reported for AN-50 due to low values of JSC, VOC and ff. As known in the literature, the 
usage of BMII is common for bis(diamine)copper(I) sensitizers instead of BMIPF as ionic liquid 
alongside lower iodine concentrations (Figure 3.9). Therefore, we decided to apply this knowledge 
to our system. The IL was changed from BMIPF to BMII (Figure 3.9) and the I2 concentration was 
reduced from 0.10 M to 0.05 M while keeping the rest of the electrolyte composition unmodified 
(electrolyte composition E1, Table 3.4). The change of the counter-ion from [PF6]
– to I– positively 
affected the overall performance of DSCs and resulted in values close to the DSC with commercial 
AN-50 electrolyte (Table 3.5). The example of BMIPF and BMII demonstrates how crucial the 




composition E2, Table 3.5) enhanced the PCE from 0.11 to 0.17%, due to the higher JSC values of 
0.54 mA cm–2 compared to 0.34 mA cm–2 for E1. 
Table 3.4. Electrolyte compositions used for the NHC iron(II)-based DSCs with MPN as a solvent. 
Electrolyte LiI / M I2 / M IL / M MBI / M Solvent 
E1 0.10 0.05 BMII 0.60 0.50 MPN 
E2 0.10 0.05 PDMII 0.60 0.50 MPN 
E1a 0.10 0.05 BMII 0.60 0.50 MeCN 
E2a 0.10 0.05 PDMII 0.60 0.50 MeCN 
 
Table 3.5. Parameters for DSCs with NHC Fe(II)-complexes as sensitizers using different electrolytes. For the electrolyte 
compositions see Table 3.4. All DSCs were fully masked. 
Electrolyte JSC / mA cm–2 VOC / mV ff / % η / % Rel. η / % 1 
E1 cell 1 0.32 429 72 0.10 1.7 
E1 cell 2 0.34 451 73 0.11 1.8 
E2 cell 1 0.54 427 71 0.17 2.8 
E2 cell 2 0.54 426 71 0.16 2.6 
N719 13.87 705 62 6.02 100 
1 Relative to a value of η for N719 set at 100%. 
 
Electrolytes E1 and E2 are based on 3-methoxypropionitrile as solvent. Another solvent, which is 
often employed in electrolytes, is MeCN (the electrolyte composition is shown in Table 3.4). 
Comparing E1 to E1a and E2 to E2a, we changed the solvent from MPN to MeCN with the retained 
compositions. The solvent change did not have beneficial effects and PCE values decreased to 
0.07% for both E1a and E2a electrolytes (Table 3.6). Remarkably, a change from MPN to MeCN 
affected VOC and ff only slightly and the main decrease in PCE is observed by lower JSC values of 
0.24 and 0.25 mA cm–2 for E1a and E2a, respectively. Figure 3.10 illustrates the effect of solvent 
for electrolytes E1, E2, E1a and E2a. Interestingly, the use of MeCN as solvent resulted in no 
significant differences in DSC performance between electrolytes E1a and E2a (Table 3.6) what is 
not the case for the similar electrolyte compositions E1 and E2 with MPN as a solvent. 
Table 3.6. Parameters for DSCs with NHC Fe(II)-complexes as sensitizers using MeCN as solvent in electrolytes. For the 
electrolyte compositions, see Table 3.4. All DSCs were fully masked. 
Electrolyte JSC / mA cm–2 VOC / mV ff / % η / % Rel. η / % 1 
E1a cell 1 0.19 419 68 0.05 0.8 
E1a cell 2 0.24 418 68 0.07 1.2 
E2a cell 1 0.25 432 69 0.07 1.2 




N719 13.87 705 62 6.02 100 




Figure 3.10. The effect of solvent change from MPN to MeCN. 
 
3.1.2 The effect of nitrogen-containing heterocyclic additives 
 
Each component of an electrolyte contributes to the performance of a DSC. Nitrogen-containing 
heterocycles such as 1-methylbenzimidazole or 4-tert-butylpyridine (Figure 3.11) are commonly 
used as additives because of their ability to move the conduction band of a semiconductor towards 
negative potentials.163 This effect leads to an increase in open-circuit potential which depends on 
the Fermi level of the semiconductor.164 
 
Figure 3.11. Structures of 1-methylbenzimidazole (MBI) and 4-tert-butylpyridine (TBP). 
As DSCs with E2 have a better performance than with E1, the further optimisation of the 




different concentrations of MBI and TBP are presented in Table 3.7. The electrolyte compositions 
include LiI 0.10 M, I2 0.05 M, PDMII 0.60 M and variable additives with MPN as a solvent. The 
dependency of JSC values on the additive concentration is obvious. Upon decrease the 
concentration of MBI from 0.50 M to 0.01 M, the JSC value was enhanced from 0.54 mA cm
–2 to 
2.78 mA cm–2 (Tables 3.5 and 3.7). The values of VOC were expectedly decreased from 395 to 307 
mV for E2 and E2e, respectively, with lower MBI concentrations. Despite the significant drop in 
VOC, the overall efficiency increased from 0.17 to 0.53% because of higher JSC values, which are 
result of more favourable electron injection into the CB of the semiconductor.      
Table 3.7. Parameters for DSCs with NHC Fe(II)-complexes as sensitizers. Electrolyte compositions include LiI 0.1 M, I2 0.05 M, 
PDMII 0.6 M and variable additives with MPN as a solvent. All DSCs were fully masked. 
Electrolyte Additive / M JSC / mA cm–2 VOC / mV ff / % η / % Rel. η / % 1 
E2b cell 1 
̶ 
2.31 339 65 0.51 8.5 
E2b cell 2 2.34 374 65 0.57 9.3 
E2c cell 1 
MBI 0.10 M 
0.69 395 65 0.18 2.9 
E2c cell 2 0.54 393 64 0.14 2.3 
E2d cell 1 
MBI 0.05 M 
1.31 395 60 0.31 5.1 
E2d cell 2 1.22 358 58 0.25 4.2 
E2e cell 1 
MBI 0.01 M 
2.78 307 62 0.53 8.8 
E2e cell 2 2.51 315 62 0.51 8.5 
E2f cell 1 
TBP 0.10 M 
0.39 368 66 0.09 2.6 
E2f cell 2 0.69 387 67 0.18 2.9 
E2g cell 1 
TBP 0.05 M 
1.16 380 65 0.29 4.8 
E2g cell 2 1.09 372 66 0.27 4.5 
E2h cell 1 
TBP 0.50 M 
0.76 541 62 0.26 4.3 
E2h cell 2 0.73 518 64 0.24 4.0 
N719 ̶ 13.87 705 62 6.02 100 






Figure 3.12. The trends of JSC, VOC and η depending on the concentration of additives. Blue lines correspond to MBI additive, 
yellow lines correspond to TBP. 
 
It is well established in the literature that the presence of TBP in an electrolyte remarkably 
improves the open-circuit voltage.165, 166 Therefore, we considered investigating a change from 
MBI to TBP, while retaining the rest of the electrolyte composition.  
At the maximum concentration of 0.50 M TBP (E2h), the overall efficiency as well as JSC and VOC 
is slightly higher than for MBI with the same concentration (Figure 3.12). From 0.10 M TBP 
concentration the trend in J-V curves becomes similar to electrolyte with MBI in it. A decrease of 
the TBP concentration to 0.05 M results in a significant decrease in open-circuit voltage, while JSC 
values are slightly improved. Overall, this resulted in a small increase of η from 0.26 (0.5 M TBP) 
to 0.29% (0.05 M TBP). Since the TBP concentration trends look remarkably similar to MBI a 
further reduction of the TBP concentration was not considered and as a next step, the electrolyte 






Figure 3.13. J-V curves illustrate the effects of removing additives (in both figures yellow line refers to DSC with no additives): 
(a) DSCs with MBI additive; (b) DSCs with TBP additive.  
Interestingly, the removal of additives resulted in a minor decrease in JSC from 2.78 to 
2.34 mA cm–2 and in a gain in VOC from 307 mV to 374 mV going from E2e to E2b, respectively 
(Figure 3.13a). This improvement in VOC caused a remarkable overall efficiency for 
iron(II)-sensitizers of 0.57%, which is representing 9.3% relative to N719 set as 100%. The 
comparison between electrolytes E2 and E2h (each using 0.5 M of additive) to E2b, which has no 




seen in Figure 3.13 (yellow line represents J-V curve for E2b electrolyte). High VOC values of 427-
426 mV for electrolyte E2 and 541-518 mV for electrolyte E2h are followed with low JSC. More 
than twice higher short-circuit density is combined with VOC of 374-339 mV for electrolyte E2b. 
However, the gain in short-circuit density overtakes the loss in open-circuit voltage and results in 
higher η values.  
 
3.1.3 Analysing the effect of MBI additive via electrochemical impedance spectroscopy 
 
For a more thorough understanding of the role of the MBI additive in the NHC iron(II)-system, 
EIS measurements were conducted for electrolytes E2b, E2c and E2e with no MBI, 0.10 M and 
0.01 M, respectively. Experiments and curve fittings were made for multiple DSCs of each 
electrolyte for obtaining a representative outcome and to confirm the observed trends. J-V curves 
were measured to confirm that the devices were fully operational and reproducible (Table 3.8, 
parameters for electrolyte E2c are presented in Table 3.7).  
The equivalent circuit model 1 used in this study is shown in Figure 3.14 and consists out of five 
elements. The first element Rs represents series resistance, resistance RPt and constant phase 
element CPE model a platinum counter electrode, an extended distributed element represents 
TiO2/electrolyte interface. The last element in the circuit is the Warburg element, which is 




Figure 3.14. The equivalent circuit model 1. Rs is series resistance; RPt – platinum resistance and CPE1 – constant phase element 
to model platinum counter electrode; DX1 – distributed element to represent TiO2/electrolyte interface; Ws – Warburg element 









Table 3.8. Parameters for multiple DSCs with electrolytes E2b and E2e. All DSCs were fully masked. 
Electrolyte DSC JSC / mA cm–2 VOC / mV ff / % η / % Rel. η / % 1 
E2b 
1 2.58 292 63 0.47 7.8 
2 2.38 326 65 0.51 8.5 
3 2.31 339 65 0.51 8.5 
4 2.34 374 65 0.57 9.3 
E2e 
1 2.60 310 62 0.50 8.3 
2 2.51 308 63 0.49 8.1 
3 2.78 307 62 0.53 8.8 
4 2.61 315 62 0.51 8.5 
N719 - 13.87 705 62 6.02 100 
1 Relative to a value of η for N719 set at 100%. 
 
Parameters and their average values extracted from fitting experimental EIS curves with circuit 
model 1 are given in Table 3.9. The Nyquist plots are shown in Figure 3.15. The values of the 
counter electrode remain constant, setting Rs is ≈ 10 Ω, RPt is ≈ 10 Ω and CPt is ≈ 8 µF. DSCs 
based on electrolytes E2b and E2e, either with no additive or 0.01 M MBI, have similar 
photoconversion efficiencies as well as close JSC values (Table 3.8). A ten-fold increase of MBI 
to 0.1 M significantly lowered JSC values from 2.38 to 0.69 mA cm
–2 and, as a result, PCE. This 
effect has a response in the EIS data as well. The recombination resistance values greatly increased 
starting from low concentrations (0.01 M) of MBI to 0.1 M. This results in an overlap of the second 
semicircle with the third one corresponding to charge carrier diffusion resistance in the electrolyte 
(Figure 3.15). High values of Rrec for E2c electrolyte correspond to a low rate of electron injection 
into a CB of semiconductor and consequently explain low JSC. The changes in MBI concentration 
did not fundamentally affect transport resistance (Rtr), electron lifetime and diffusion length as 
shown in Table 3.9. Thus, high values of Rrec for E2c electrolyte is the only parameter, which is 
mainly depended on MBI concentration and has a dramatic effect on the overall performance of 
the cell. For each electrolyte, diffusion length (Ld) is greater than semiconductor thickness, and 
transport time (τt) is smaller than electron lifetime (τ). The combination of these factors results in 
an efficient electron transport through the semiconductor and collection of electrons on the back 
of the working electrode. These elements contribute to the value of JSC in combination with 
recombination and transport resistances. Ld, τ and τt increase in the order E2c → E2b → E2e and 
the trend is consistent with VOC values (Table 3.8). EIS measurements were also performed for 




between three semicircles in Nyquist plot was observed. Therefore, we were unable to fit the 
results due to the extremely high resistance dominating the second semicircle. 
Table 3.9. EIS parameters for DSCs using electrolytes with different concentration of MBI. 






τ / ms τt / ms Ld / µm Rs / Ω RPt / Ω CPt / 
µF 
E2b cell 1 124 360 28 45 10 25 10 13 7 
E2b cell 2 198 257 54 51 14 23 10 8 8 
E2b cell 3 255 233 30 59 7 35 9 9 7 
E2b cell 4 259 400 14 103 6 52 9 6 8 
E2e cell 1 138 322 26 45 8 28 9 6 9 
E2e cell 2 158 365 32 58 12 27 11 9 9 
E2c cell 1 1830 307 25 561 8 102 10 8 8 
E2c cell 2 1889 328 18 620 6 122 11 15 7 
E2baverage 209 312 31 65 9 34 10 9 8 
E2eaverage 148 344 29 52 10 28 10 8 9 
E2caverage 1860 317 22 591 7 112 10 11 7 







Figure 3.15. Nyquist plot of DSCs with electrolytes E2b, E2e and E2c; a. Full Nyquist plot; b. Expansion of Nyquist plot region. 
Dotted lines represent experimental data, solid lines represent fitted data. 
 
3.1.4 Effect of additives towards different ionic liquids 
 
It was discussed in section 3.1.2 that heterocyclic additives are not beneficial in the presence of 
PDMII ionic liquid. Thus, we decided to investigate if the same tendency is observed for other 
ionic liquids of the imidazolium family with different counterions (Figure 3.16). The electrolyte 
compositions are shown in Table 3.10. 
 
Figure 3.16. Structures of ionic liquids 1-butyl-3-methylimidazolium hexafluorophosphate (BMIPF) and 








Table 3.10. Electrolyte compositions with and without additives. MPN was used as a solvent. 
Electrolyte LiI / M I2 / M IL / M MBI / M 
E3 0.10 0.05 BMIPF 0.60 0.50 
E4 0.10 0.05 EMIMPF 0.60 0.50 
E1b 0.10 0.05 BMII 0.60 ̶ 
E3b 0.10 0.05 BMIPF 0.60 ̶ 
E4b 0.10 0.05 EMIMPF 0.60 ̶ 
 
The effects of eliminating MBI from other ionic liquids such as BMII and BMIPF were positive 
(Table 3.11, with the electrolyte compositions given in Table 3.10). Despite a loss in VOC from 
451 to 304 mV, the significant gain in JSC led to an increase in PCE from 0.11 to 0.38% on going 
from E1 to E1b, respectively. This corresponds to a relative efficiency of 6.3% with N719 set as 
100% for E1b electrolyte. The same trend is observed for BMIPF based electrolytes E3 and E3b. 
The combination of lower VOC and higher JSC resulted in greater overall efficiency of 0.37% (6.1% 
with a respect to N179).  
At the same time, the absence of the additive in E4b caused bleaching of the working electrode. 
When the electrolyte came into contact with the dye-sensitized surface, the original red colour of 
dye-functionalized TiO2 turned almost white. This had a dramatic effect on the DSC performance. 
The fall in VOC from 538 to 50 mV caused the overall efficiency of 0.01% for E4b (Figure 3.17). 
Interestingly, despite the bleaching of the electrode, the values of JSC were not affected and stayed 
in the same range of 0.74-0.83 mA cm–2.  
Table 3.11. Parameters for DSCs with and without MBI and different ILs. All DSCs were fully masked. 
Electrolyte JSC / mA cm–2 VOC / mV ff / % η / % Rel. η / % 2 
E1 cell 1 1 0.32 429 72 0.10 1.7 
E1 cell 2 0.34 451 73 0.11 1.8 
E3 cell 1 0.24 477 69 0.08 1.3 
E3 cell 2 0.29 480 73 0.10 1.6 
E4 cell 1 0.74 519 69 0.26 4.3 
E4 cell 2 0.70 529 70 0.26 4.3 
E4 cell 3 0.90 538 69 0.33 5.5 
E4 cell 4 0.82 542 69 0.31 5.1 
E1b cell 1 1.94 304 64 0.38 6.3 
E1b cell 2 2.90 261 47 0.36 6.0 




E3b cell 2 1.64 343 62 0.35 5.8 
E4b cell 1 0.74 43 26 0.01 0.2 
E4b cell 2 0.83 50 27 0.01 0.2 
N719 13.87 705 62 6.02 100 




Figure 3.17. The effect of removal of MBI as additive from electrolytes E1, E2, E3 and E4. 
 
3.1.5 External quantum efficiency measurements for DSCs with electrolytes E2b, E2c, E2e and E4 
 
External quantum efficiency measurements reveal the number of photons that are converted into 
the electrons in the operating device under irradiance. DSCs based on PDMII ionic liquid exhibited 
broad external quantum efficiency spectra in the range of 420-570 nm (Figure 3.18). EQE was 
performed for duplicate cells to show the reproducibility of the measurement. The values of 
EQEmax were between ≈6-15% at λmax 470-530 nm and they were consistent with trends in JSC for 
electrolytes E2e > E2b >> E2b. Small difference in JSC values for E2b and E2e resulted in close 
EQEmax values. The highest EQEmax of ≈15% was observed for E2e electrolyte and ≈12% for E2b. 
The electrolyte E2c with 0.1 M MBI had lower EQEmax of ≈8%. This decrease in EQEmax was 
consistent with a drop in JSC. The use of EMIMPF (electrolyte E4) instead of PDMII further 





Figure 3.18. EQE curves for DSCs with electrolytes E4, E2e, E2c and E2b. 
 
3.1.6 DSC stability test for electrolytes E2b and E2e  
 
DSC performances were measured over a period of 40 days for electrolytes E2b and E2e on the 
example of three devices for each electrolyte. The DSC stabilities have been successfully 
demonstrated for both electrolytes over this period (Table 3.12). In average, PCE of the electrolyte 
decreased from 0.52 to 0.47% for E2b. In the case of E2e, the average PCE decreased from 0.51 
to 0.37%. The changes in overall efficiencies for electrolyte E2b are less than 10% and for E2e 
≈28% and in the acceptable range for both electrolytes. Figure 3.19 shows the changes in short-
circuit density, open circuit voltage and overall efficiency. The general trend follows the expected 
literature scenario, which is a gain in VOC values compensating the decrease in JSC. It was shown 
that the Fermi level of a semiconductor realigns over the time and is attributed to an increase in 
open-circuit voltage. At the same time, dye dissociation from the surface (as evidenced by the 








Table 3.12. Parameters for DSCs with electrolytes E2b and E2e over the period of 40 days. All DSCs were fully masked. 
Electrolyte DSC Day JSC / mA cm–2 VOC / mV ff / % η / % 
E2b 1 
0 2.58 292 63 0.47 
5 2.54 401 52 0.53 
14 2.19 425 58 0.54 
25 1.85 446 63 0.52 
40 1.35 469 67 0.43 
E2b 2 
0 2.38 326 65 0.51 
5 2.32 403 60 0.56 
14 2.17 421 59 0.54 
25 2.07 457 62 0.59 
40 1.73 460 64 0.51 
E2b 3 
0 2.34 374 65 0.57 
5 2.15 428 62 0.57 
14 2.04 441 61 0.55 
25 1.88 469 64 0.57 
40 1.53 470 66 0.48 
E2e 1 
0 2.51 308 63 0.49 
5 2.16 385 63 0.53 
14 1.95 418 65 0.53 
25 1.76 436 66 0.50 
40 1.46 446 66 0.43 
E2e 2 
0 2.78 307 62 0.53 
5 2.17 387 61 0.52 
14 1.73 435 64 0.48 
25 1.32 461 68 0.41 
40 0.90 466 71 0.29 
E2e 3 
0 2.61 315 62 0.51 
5 2.19 379 61 0.50 
14 1.97 418 63 0.52 
25 1.70 437 65 0.48 











Figure 3.19. Variation in DSC parameters over a 40-day period with electrolytes E2b and E2e. Lines between the dots are added 
only for guiding the eye. 
 
3.1.7 Summary: Solvents and additives 
 
The studies in this chapter have shown that the use of 3-methoxypropionitrile instead of MeCN as 
the solvent for the electrolyte led to an improvement in the short-circuit current density and an 
enhanced photoconversion efficiency. The increase in JSC was followed by a small increase of 
20 mV in the open-circuit voltage for the electrolyte with BMII IL. For PDMII-based electrolyte 
VOC was not affected and only significant gain in JSC resulted in the PCE improvement. Thus, the 
further investigations were performed with MPN as a solvent for electrolytes. The four ionic 
liquids (BMII, PDMII, BMIPF, EMIMPF) were investigated with and without additives like MBI 
and TBP. There was no significant difference observed between MBI and TBI at concentration 
from 0.10 M to 0.01 M. On the other hand, electrolyte with 0.50 M TBP performed better due to 
increased VOC value compared to the same concentration of MBI. Most of ILs have shown better 
results in the absence of heterocyclic additives except EMIMPF IL. The removal of the MBI 
additive resulted in detrimental falling of VOC. The best performing electrolyte compositions were 
E2c and E2b with 0.01 M of MBI and without MBI, respectively. Both have PDMII as IL and 





3.2 Investigations of the effect of lithium salts and ionic liquid concentration 
 
3.2.1 The effect of lithium salts in electrolyte 
 
Lithium salts are a further class of common additives for electrolytes. Due to the adsorption 
possibilities of the Li+ ion on the surface, their presence has an influence on the conduction band 
(CB) of the semiconductor and shifts it towards positive potentials.167 This effect leads to an 
enhanced electron injection from the excited dye to the semiconductor. On the other hand, it lowers 
the potential of a cell since the positive shift of CB decreases the gap between the Fermi level of 
the semiconductor and energy level on the redox couple. In the case of LiI, the counterion also 
contributes to the potential of iodide/triiodide redox couple, which is used for iron(II) dyes. For a 
deeper understanding of the counterion impact on the system, the effect of Li+ additives was 
investigated using the salts LiI and LiPF6. In section 3.1.4, it was shown that the influence of 
additives MBI and TBP can be entirely changed depending on the ionic liquid incorporated in the 
electrolyte system. Thus, numerous electrolyte combinations were screened with different ionic 
liquids in the presence of lithium salts (Figure 3.20). For this study, additives MBI and TBP were 
not added in electrolytes, since in sections 3.1.2 and 3.1.4 it was shown that their presence was not 
beneficial for DSCs performance. Electrolyte compositions are given in Table 3.13. For each 
electrolyte multiple DSCs were manufactured (Table 3.14, Figure 3.21), but, for convenience, only 
those with close to average values will be discussed. 
 
Figure 3.20. Structures of ILs used in this study. 
Table 3.13. Electrolyte compositions with various Li+ salts and IL concentrations. MPN was used as a solvent. 
Electrolyte LiI / M LiPF6 / M I2 / M IL / M 
PMIIa 0.10 – 0.05 PMII / 0.60 
PMIIb – 0.10 0.05 PMII / 0.60 
PMIIc 0.18 – 0.05 PMII / 0.60 




BMIIa 0.10 – 0.05 BMII / 0.60 
BMIIb – 0.10 0.05 BMII / 0.60 
BMIIc 0.18 – 0.05 BMII / 0.60 
BMIId – 0.18 0.05 BMII / 0.60 
BMIIe 0.26 – 0.05 BMII / 0.60 
BMIIf 0.34 – 0.05 BMII / 0.60 
BMIIg 0.18 – 0.05 BMII / 0.52 
BMIIh 0.26 – 0.05 BMII / 0.44 
BMIIi 0.34 – 0.05 BMII / 0.36 
PDMIIe – 0.10 0.05 PDMII / 0.60 
PDMIIa 0.18 – 0.05 PDMII / 0.60 
PDMIIb 0.18 – 0.05 PDMII / 0.52 
PMIIe 0.18 – 0.05 PMII / 0.52 
PMIIf 0.18 – 0.05 PMII / 0.44 
 
Table 3.14. Parameters for multiple DSC devices with different electrolytes. All DSCs were fully masked.    
Electrolyte JSC / mA cm–2 VOC / mV ff / % η / % Rel. η / % 1 
PMIIa cell 1 2.34 371 66 0.57 10.2 
PMIIa cell 2 2.26 354 66 0.53 9.5 
PMIIa cell 3 2.41 355 65 0.56 10.0 
PMIIa cell 4 2.69 373 63 0.63 11.3 
PMIIb cell 1 2.71 264 57 0.41 7.3 
PMIIb cell 2 2.35 285 60 0.40 7.1 
PMIIb cell 3 2.66 265 58 0.41 7.3 
PMIIb cell 4 2.77 288 60 0.48 8.6 
PMIIc cell 1 3.01 315 62 0.59 10.5 
PMIIc cell 2 2.98 270 62 0.50 8.9 
PMIIc cell 3 2.98 318 63 0.59 10.5 
PMIId cell 1 3.91 281 53 0.59 10.5 
PMIId cell 2 3.44 296 54 0.55 9.8 
PMIId cell 3 3.45 301 56 0.58 10.4 
PMIId cell 4 2.85 284 60 0.48 8.6 
BMIIa cell 1  2.42 374 61 0.55 9.8 




BMIIa cell 3 2.20 366 63 0.51 9.1 
BMIIa cell 4 2.18 318 64 0.45 8.0 
BMIIb cell 1  1.77 359 62 0.39 6.9 
BMIIb cell 2 1.54 361 65 0.37 6.6 
BMIIb cell 3 1.56 366 66 0.38 6.8 
BMIIb cell 4 1.57 372 66 0.38 6.8 
BMIIc cell 1  3.40 301 59 0.61 10.9 
BMIIc cell 2 3.56 311 57 0.63 11.3 
BMIIc cell 3 3.51 291 58 0.59 10.5 
BMIIc cell 4 3.40 294 60 0.60 10.7 
BMIId cell 1  3.13 315 59 0.58 10.4 
BMIId cell 2 2.65 313 62 0.51 9.1 
BMIId cell 3 2.92 307 61 0.55 9.8 
BMIId cell 4 3.10 330 60 0.61 10.9 
BMIIe cell 1 3.02 299 62 0.56 10.0 
BMIIe cell 2 2.79 288 64 0.51 9.1 
BMIIe cell 3 3.08 286 62 0.55 9.8 
BMIIe cell 4 3.10 306 63 0.60 10.7 
BMIIf cell 1 3.45 307 60 0.64 11.4 
BMIIf cell 2 3.49 302 62 0.65 11.6 
BMIIf cell 3 3.38 298 61 0.62 11.1 
BMIIf cell 4 3.46 292 61 0.61 10.9 
BMIIg cell 1  3.33 298 62 0.62 11.1 
BMIIg cell 2 3.03 272 63 0.52 9.3 
BMIIg cell 3 3.62 293 60 0.64 11.4 
BMIIg cell 4 3.35 277 61 0.57 10.2 
BMIIh cell 1 3.46 301 60 0.63 11.3 
BMIIh cell 2 3.58 263 47 0.44 7.9 
BMIIh cell 3 3.86 311 55 0.66 11.8 
BMIIh cell 4 3.32 281 58 0.54 9.6 
BMIIi cell 1 3.61 264 62 0.59 10.5 
BMIIi cell 2 3.98 264 61 0.64 11.4 




BMIIi cell 4 3.78 220 60 0.50 8.9 
PDMIIe cell 1 2.44 317 58 0.45 8.0 
PDMIIe cell 2 2.86 293 47 0.40 7.1 
PDMIIe cell 3 2.93 300 58 0.51 9.1 
PDMIIe cell 4 2.68 298 57 0.45 8.1 
PDMIIa cell 1 3.27 348 58 0.66 11.8 
PDMIIa cell 2 3.41 346 54 0.64 11.4 
PDMIIb cell 1 3.21 337 57 0.62 11.1 
PDMIIb cell 2 3.01 318 60 0.57 10.2 
PMIIe cell 1 2.80 368 62 0.64 11.4 
PMIIe cell 2 2.71 390 60 0.64 11.4 
PMIIe cell 3 2.80 360 62 0.62 11.1 
PMIIe cell 4 2.70 366 63 0.62 11.1 
PMIIf cell 1 2.27 344 63 0.49 8.8 
PMIIf cell 2 2.14 364 64 0.49 8.8 
PMIIf cell 3 2.22 366 63 0.51 9.2 
PMIIf cell 4 2.32 346 62 0.49 8.8 
N719 12.53 654 68 5.60 100 
1 Relative to a value of η for N719 set at 100%. 
 
In our previous investigations on electrolytes, a 0.10 M LiI concentration without additives was 
used. These conditions were set as a starting point. In Table 3.13 electrolyte composition PMIIa 
and PMIIb as well as BMIIa and BMIIb are presented, which differ only in the Li+ salt used (LiI 
or LiPF6). Interestingly, the trend observed for JSC values is different for the ionic liquids PMII 
and BMII using either LiI or LiPF6. While the JSC value increased from 2.34 to 2.66 mA cm
–2 for 
PMIIb, it decreased from 2.42 to 1.77 mA cm–2 for BMIIb. For PMII IL the VOC drop with more 
than 100 mV is observed, while in case of BMII IL the change of lithium salt did not affect the 
potential (Figures 3.21 and 3.22). At the same time, a fall in fill factor is observed for both 






Figure 3.21. J-V curves for multiple DSCs witn electrolytes BMIIa and BMIIb to show the reproducibility.  
 
Figure 3.22. J-V curves for DSCs with electrolytes PMIIa, PMIIb, PMIIc and PMIId. Solid lines refer to electrolytes with LiI, 
dotted lines refer to electrolytes with LiPF6. 
An increase in Li+-concentration has a positive effect on overall DSC performance for both salts 
LiI and LiPF6. Comparing electrolytes PMIIa and PMIIc with 0.10 M or 0.18 M of LiI, 
respectively, an increase in short circuit density is observed for increased salt loading. Despite the 
change in VOC from 371 to 315 mV, the positive influence of VOC resulted in higher PCE of 0.59% 
for electrolyte PMIIc. On going from electrolyte BMIIa to BMIIc, the same trends in JSC and VOC 
are observed and result in a higher overall efficiency of 0.61% (10.9% with a respect to N719 set 
at 100%). The change in LiPF6 concentration from 0.10 M to 0.18 M reveals a more apparent 




1.0 mA cm–2 increase in JSC for PMIId. Higher LiPF6 concentration has a positive influence on 
VOC as well and increases the value from 264 to 281 mV going from PMIIb to PMIId electrolyte. 
Both JSC and VOC contributed to the higher PCE value of 0.59% for PMIId. The change in LiPF6 
concentration for BMII IL resulted in an enhanced value in JSC but also to a decrease in VOC for 
BMIId electrolyte. The improvement in JSC overcompensates the opposing effect of a reduction in 
open-circuit potential and leads to 0.58% PCE for BMIId compared to 0.39% for BMIIb. For the 
electrolyte based on PDMII IL the increase of LiI concentration improved the PCE to 0.66% due 
to the significant enhance of JSC from 2.31 to 3.27 mA cm
–2 compared to E2b electrolyte. The 
slight increase in VOC results in the value of 348 mV.  
Electrolytes PMIIc and PMIId both contain a Li+-concentration of 0.18 M, but different 
counterions (I– or PF6
–, respectively). A lower JSC of 3.01 mA cm
–2 in combination with a higher 
VOC of 315 mV for PMIIc compared to 3.91 mA cm
–2 JSC and 281 mV VOC for PMIId result in a 
similar efficiency of 0.59% (10.5% relative to N719 set at 100%) for both electrolytes. However, 
an opposite trend is observed for electrolytes BMIIc and BMIId. Both electrolytes contain 0.18 M 
Li+ but differ in the counterion. An enhanced JSC value of 3.40 mA cm
–2 for BMIIc lead to a 
slightly better PCE of 0.61% compared to 0.58% for BMIId. It is important to note that the change 
from LiI to LiPF6 has an influence on both JSC and VOC. Thus, not only can the CB of the 
semiconductor be affected by the choice of counterion, but also the energy level of the redox 
shuttle of an electrolyte. Since DSCs based on electrolytes with LiI have a better performance than 
with LiPF6, we continued with a closer investigation of the impact of different Li
+ concentrations 
using LiI.   
An increase of LiI concentration from 0.18 M to 0.26 M in the presence of BMII IL resulted in 
lower DSC performance. The change is followed by loss in JSC from 3.40 to 3.02 mA cm
–2 but no 
change in VOC. This results in 0.56% PCE (10.0% relative to N719). A further change to 0.34 M 
of LiI in BMIIf electrolyte leads to an enhanced JSC value of 3.45 mA cm
–2 and VOC of 307 mV 
and thus to a PCE of 0.64%. The J-V trends for electrolytes BMIIc, BMIIe and BMIIf are 
significant, because an improvement in either JSC or VOC is typically followed by a decrease in VOC 





Figure 3.23. J-V curves for DSCs with electrolytes BMIIa, BMIIc, BMIIe and BMIIf. 
Since this investigation focused on the influence of different Li+-concentrations, it is critical that 
the concentration of I– is constant. It is important to note, that in cases of ILs and Li+ salts with an 
iodide counterion, both iodide sources contribute I– to the redox couple. The original BMIIa 
electrolyte contains 0.1 M LiI and 0.6 M BMII with a total concentration of 0.7 M iodide. With an 
increase of LiI in the electrolyte, the total iodide concentration increased as well. Therefore, we 
decreased the amount of IL present in an electrolyte proportionally to the added amount of LiI to 
keep the I– concentration constant. From electrolyte BMIIa to BMIIg, BMIIh and BMIIi, the 
concentration of LiI increases from 0.1 M to 0.18 M, 0.26 M and 0.34 M and concentration of IL 
decreases from 0.6 M to 0.52 M, 0.44 M and 0.36 M, respectively. The JSC values improved in the 
range of 2.42-3.61 mA cm–2 and VOC decreased from 374 to 264 mV. Interestingly, up to a 
concentration of 0.26 M LiI and 0.44 M BMII a rise in PCE is observed from 0.55 to 0.63% for 
BMIIh. A further change to higher LiI and lower BMII concentrations for BMIIi electrolyte results 
in a loss in PCE to 0.59% due to the drop in VOC from 301 to 264 mV. However, despite the 
different concentrations of LiI and BMII electrolytes BMIIg and BMIIh have similar PCE of 0.62 
and 0.63%, respectively.  
The electrolytes E2b and PDMIIe differ only in their Li+ salt counterion (I– or PF6
–) with the same 
concentration of 0.1 M. The presence of LiPF6 decreased the values of VOC and ff and leads to a 
PCE of 0.45% despite a small increase in JSC (Figure 3.24). A higher concentration of LiI for 
PDMIIa electrolyte proved beneficial and lead to an increase of both JSC and VOC. This results in 




at 100%. In the case of PDMII IL, the change in IL concentration resulted in a small decrease in 
VOC of 11 mV. This led to lower a PCE value of 0.62%. 
 
Figure 3.24. J-V curves for DSCs with electrolytes based on PDMII IL. 
The observed trend for PMII IL is similar to the BMII based electrolytes. An improvement of 
0.46 mA cm–2 in JSC values is observed on going from PMIIa to PMIIe electrolyte and this leads 
to a higher PCE of 0.64% (11.4% relative to N719 set at 100%). The open-circuit voltage shows 
no significant change. Further decrease of PMII from 0.52 to 0.44 M without an appropriate 
increase of LiI resulted in lower PCE of 0.49% with corresponding loss in both JSC and VOC.  
 
3.2.2 The EQE and EIS study of Li+ ion influence on DSCs  
 
DSCs with electrolytes listed in Table 3.13 (PMIIa-BMIId) all exhibited a broad EQE spectra in 
the range of 430-570 nm. These results were consistent with the EQE discussed in section 3.5. All 
EQEmax values are presented in Table 3.15. Figures 3.25 and 3.26 demonstrate the reproducibility 
of multiple DSCs in terms of EQE measurements.  
Table 3.15. EQEmax values for multiple DSCs for each electrolyte. 
Electrolyte EQEmax / % EQEmax 
average / % 
Wavelength 
range 1 / nm 
cell 1 cell 2 cell 3 cell 4 




PMIIb 15 18 17 18 17 460-490 
PMIIc 24 21 21 12 20 450-510 
PMIId 26 27 24 21 24 460-510 
BMIIa 18 16 16 18 17 440-460 
BMIIb 17 12 14 15 15 460 
BMIIc 24 25 24 23 24 470-480 
BMIId 18 22 19 20 20 470 
BMIIe 24 24 24 25 24 490-500 
BMIIf 21 22 21 22 21 490-500 
BMIIg 21 25 24 24 23 480-500 
BMIIh 24 25 30 21 25 480 
BMIIi 25 27 24 27 26 480-500 
1 The range of λmax for multiple DSCs. 
 
The values of EQEmax were not affected by Li
+ counterion and were ≈15-19% at λmax 460-510 nm 
for electrolytes PMIIa and PMIIb for a set of four DSCs for each electrolyte. The similarity of 
EQE spectra for PMIIa and PMIIb can be seen in Figure 3.25. Higher concentration of Li+ salts 
resulted in the increased up to 21-24% EQEmax at λmax in the range of 450-510 nm for PMIIc (with 
one outlier cells with 12% EQEmax) and 21-27% at λmax in the range of 460-510 nm for PMIId 
(Table 3.15).  
 
 




DSCs with electrolytes BMIIa and BMIIb had slightly lower EQEmax of ≈12-18% with the λmax 
slightly shifted in the short wavelength region (440-460 nm) than PMIIa and PMIIb (Table 3.15, 
Figure 3.26). For electrolytes with BMII IL, enhanced Li+ concentrations also led to higher EQEmax 
values of ≈ 23-25% for BMIIc (λmax is in the region 470-480 nm) and of ≈ 18-22% for BMIId at 
λmax = 470 nm (Figure 3.27). A similar influence of Li
+ concentration on JSC was observed. 
 
Figure 3.26. EQE spectra for multiple DSCs with electrolytes BMIIa and BMIIb to show reproducibility. 
 
Figure 3.27. EQE spectra for DSCs with electrolytes BMIIa, BMIIb, BMIIc, BMIId. 
The increase from 0.26 to 0.34 M of LiI concentration in the electrolytes had a positive effect on 




approximately 24% for BMIIe and wa approximately 21-22% for BMIIf at λmax 490-510 nm 
(Figure 3.28). On the example of electrolytes BMIIg, BMIIh, and BMIIi the influence of Li+ ions 
from 0.18 M to 0.34 M due to the constant concentration of I– can be illustrated. On going from 
BMIIg to BMIIi, the EQEmax increased from ≈23% to ≈26% at λmax 480-500 nm.   
 
Figure 3.28. EQE spectra for DSCs with electrolytes BMIIe, BMIIf, BMIIg, BMIIh and BMIIi. 
For a deeper understanding of the LiI influence on the Fe(II)-sensitized DSC, EIS measurements 
were performed (Table 3.16). In Second Chapter the necessity of multiple devices for EIS 
measurements was examined. Thus, the data in Table 3.16 are presented for multiple DSCs, but 
only the average numbers will be discussed. The parameters of the counter electrodes stay constant 
for all the DSCs (Rs, RPt and CPt). 
Table 3.16. EIS parameters for multiple DSCs using electrolytes based on BMII IL with different concentration of LiI. 






τ / ms τt / ms Ld / µm Rs / Ω RPt / Ω CPt / µF 
BMIIa cell 1  161 288 19 47 5 35 14 6 7 
BMIIa cell 2 199 233 32 46 7 30 13 3 9 
BMIIa cell 3 191 214 38 41 8 27 12 5 9 
BMIIa cell 4 192 384 9 74 3 56 14 4 6 
BMIIc cell 1 169 307 13 52 4 43 13 8 6 
BMIIc cell 2 160 506 6 81 3 63 14 8 5 
BMIIc cell 3 157 352 11 55 4 46 14 9 5 




BMIIe cell 1 130 214 109 28 23 13 12 6 7 
BMIIe cell 2 151 245 80 37 20 16 14 8 7 
BMIIe cell 3 141 226 101 32 23 14 12 7 9 
BMIIe cell 4 150 258 69 39 18 18 11 11 7 
BMIIf cell 1 152 374 26 57 10 29 16 11 5 
BMIIf cell 2 140 307 45 43 14 21 16 7 6 
BMIIf cell 3 169 328 38 56 12 25 15 10 6 
BMIIf cell 4 142 292 45 41 13 21 13 11 6 
BMIIh cell 1 144 378 23 54 9 30 12 12 5 
BMIIh cell 2 180 403 19 72 8 36 12 8 8 
BMIIh cell 3 197 590 7 116 4 65 12 8 5 
BMIIh cell 4 187 279 46 52 13 24 14 10 6 
BMIIi cell 1 99 302 40 30 12 19 11 10 6 
BMIIi cell 2 103 369 19 38 7 28 11 9 6 
BMIIi cell 3 108 241 66 26 16 15 16 13 7 
BMIIi cell 4 86 223 76 19 17 13 11 10 7 
BMIIaaverage 186 280 25 52 6 37 13 5 8 
BMIIcaverage 152 358 12 55 4 46 14 9 5 
BMIIeaverage 143 236 90 34 21 15 12 8 8 
BMIIfaverage 151 325 39 49 12 24 15 10 6 
BMIIhaverage 177 413 24 74 9 39 13 10 6 
BMIIiaverage 99 284 50 28 13 19 12 11 7 
1 average – the sum of all values for a given parameter divided by the number of cells. 
 
The increase of Li+ ion concentration up to 0.26 M is followed by a decrease in recombination 
resistance from 186 to 143 Ω (Figure 3.29a). The trend for chemical capacitance is not linear and 
on going from BMIIa to BMIIc Cµ increases to 358 µF and then decreases to 236 µF for BMIIe. 
The transport resistance has a similar trend from 0.1 M to 0.18 M LiI with a decrease from 25 to 
12 Ω, but then an increase up to 90 Ω for 0.26 M LiI. For 0.34 M LiI values of Rrec and Cμ increase 
again to 151 Ω and 325 µF, respectively, while Rtr decreases to 39 Ω.  
As was discussed above, the diffusion length, transport time and electron lifetime play an 
important role in the DSC system. According to previously reported EIS measurements, high Li+ 
ion concentrations in the electrolyte can considerably increase Ld in the case of DSC with 




In the presence of 0.6 M of BMII Ld values increase from 37 to 46 μm from 0.1 M to 0.18 M of 
LiI and then decrease to 15 µm for 0.26 M of LiI. At the same time, τ decreases from 52 to 34 ms, 
while τt increases from 6 to 21 ms for electrolytes BMIIa, BMIIc and BMIIe. Since the charge 
lifetime is inversely correlated to the maximum frequency fmax, the Bode plot shows the same trend 
in τ values (Figure 3.29b). Electrolyte BMIIf is an exception from this trend as the increase from 
0.26 to 0.34 M in LiI concentration leads to enhanced values of Ld and τ and reduced τt. 
In the case of DSCs with a constant 0.7 M iodide ion concentration (electrolytes BMIIh and 
BMIIi), the EIS data are consistent with trends in JSC and VOC. The decrease in the BMII 
concentration from 0.60 to 0.44 M with retained 0.26 M of LiI leads to a higher JSC, which is 
associated with lower Rtr and higher Cμ. The further increase in the LiI concentration to 0.34 M 
and a corresponding decrease of the BMII concentration to 0.36 M (BMIIi electrolyte) lead to 







Figure 3.29. EIS plot of DSCs with electrolytes BMIIa, BMIIc, BMIIe, BMIIf, BMIIh and BMIIi; a. Nyquist plot with expansion 
of high frequency region; b. Bode plot. Dotted lines represent experimental data, solid lines represent fitted data. 
 
3.2.3 The effect of increased IL concentration in electrolyte 
 
It is well established that electrolytes with IL as a medium are a beneficial alternative to ones with 
volatile organic solvents. On the other hand, it is hard to introduce a solvent-free electrolyte into a 
device due to the high viscosity of ILs. Moreover, not all ILs are liquids at room temperature. 
Thus, the necessity for the organic solvent is still there. We decided to radically increase the 
concentration of IL in our system in order to decrease the amount of organic solvent and examine 
the effect of high IL concentration on the DSC outcome. 
The electrolyte compositions are shown in Table 3.17. All electrolytes have 1.50 M of 
corresponding IL. Multiple DSC devices were manufactured to show the reproducibility of 
measurements, but the discussion will focus only on one device with parameters closest to average 
(Table 3.18).  
Table 3.17. Electrolyte compositions with 1.50 M concentration of different ILs. MPN was used as a solvent. 
Electrolyte LiI / M LiPF6 / M I2 / M IL / M 
BMIIj 0.10 – 0.05 BMII / 1.50 
BMIIk 0.18 – 0.05 BMII / 1.50 




BMIIm – 0.18 0.05 BMII / 1.50 
PMIIg 0.18 – 0.05 PMII / 1.50 
PDMIIc 0.18 – 0.05 PDMII / 1.50 
 
Electrolytes BMIIj and BMIIk differ only in LiI concentration of 0.10 and 0.18 M, respectively. 
DSCs with 0.18 M LiI have PCE of 0.55% (9.7% relative to N719) and DSCs with 0.18 M LiI 
have PCE of 0.46% (8.1% relative to N719). The increase of BMII to 1.5 M resulted in decrease 
of PCE values for both BMIIj and BMIIk electrolytes compare to BMIIa and BMIIc with 0.6 M 
concentration (Table 3.14). The LiI trend stays the same: higher concentration results in higher 
PCE in the presence of 1.5 M of BMII in electrolyte.  
At the 0.6 M concentration of BMII the change from LiI to LiPF6 had a negative influence on DSC 
performance and resulted in lower PCE. On going from BMIIj to BMIIl (0.1 M LiPF6), the JSC 
value increases from 2.04 to 4.16 mA cm–2 and leads to enhanced PCE of 0.57% (Figure 3.30). 
Greater LiPF6 concentration of 0.18 M results in 0.49% of PCE for electrolyte BMIIm. It is 
important to note, that for 0.1 M LiPF6 higher BMII concentration improved the DSC performance 
compared to 0.39% with 0.6 M IL, but in the case of 0.18 M LiPF6 the PCE value does not show 
any changes (Figure 3.30). 
Table 3.18. Parameters for multiple DSCs with different electrolytes. Electrolyte compositions are presented in Table 3.17. All 
DSCs were fully masked. 
Electrolyte JSC / mA cm–2 VOC / mV ff / % η / % Rel. η / % 1 
BMIIj cell 1 2.07 356 62 0.46 8.0 
BMIIj cell 2 1.95 363 66 0.47 8.2 
BMIIj cell 3 1.93 349 66 0.45 7.9 
BMIIj cell 4 2.04 367 62 0.46 8.1 
BMIIk cell 1  3.02 311 61 0.57 10.1 
BMIIk cell 2 3.06 292 62 0.55 9.7 
BMIIk cell 3 2.88 289 62 0.52 9.1 
BMIIk cell 4 3.06 299 60 0.55 9.7 
BMIIl cell 1  4.16 281 49 0.57 10.0 
BMIIl cell 2 3.79 299 50 0.57 10.0 
BMIIm cell 1  4.25 237 47 0.47 8.3 
BMIIm cell 2 3.91 268 47 0.49 8.6 
PMIIg cell 1 2.71 324 61 0.54 9.4 




PMIIg cell 3 2.81 340 58 0.56 9.8 
PMIIg cell 4 2.65 327 63 0.54 9.5 
PDMIIc cell 1 2.82 274 60 0.46 8.1 
PDMIIc cell 2 2.63 283 53 0.40 7.0 
PDMIIc cell 3 2.89 287 60 0.50 8.8 
PDMIIc cell 4 2.93 285 58 0.49 8.6 
N719 13.92 653 63 5.70 100 
1 Relative to a value of η for N719 set at 100%. 
 
 
Figure 3.30. J-V curves for DSCs with electrolytes BMIIj, BMIIk, BMIIl and BMIIm. 
In Figure 3.31, the dependency of JSC and relative η on lithium salt concentration at different BMII 
concentrations is presented. In the case of an iodide anion, the linear dependency for both 0.60 and 
1.50 M IL concentrations could be observed. The improvement in JSC is followed by higher PCE 
values for all BMII concentrations in the presence of an increased amount of lithium iodide. For 
LiPF6 salt, the trend for 1.50 M BMII is an opposite than for 0.60 M. The combination of increased 
IL and Li+ salt concentration resulted in lower relative efficiency compared to the same amount of 





Figure 3.31. Relative η and JSC for DSCs with BMII-based electrolytes in the presence of Li+ salts to illustrate the influence of 
BMII concentration. Dotted lines are added to guide the eye. 
 
Electrolytes PMIIc and PMIIg differ only in PMII concentration (0.6 M and 1.5 M, respectively, 
Table 3.17) with retained electrolyte composition. On going from PMIIc to PMIIg, the open-circuit 
voltage increases from 315 to 356 mV (Table 3.18). At the same time, decreased values of JSC and 
ff lead to a lower PCE of 0.55% compared to 0.59% for PMIIc (Figure 3.31). In the case of PDMII 
IL the change of IL concentration results in decrease in both JSC and VOC. Thus, PDMIIc PCE 
value of 0.46% is much lower compared to 0.66% for electrolyte with 0.6 M PDMII concentration. 
In Figure 3.32, the overall comparison of concentration influence of three ILs is presented with 





Figure 3.32. JSC, VOC and relative η (to N719) average values for DSCs based on PMII, BMII or PDMII ILs in the presence of LiI 
to illustrate the influence of ILs concentration. 
For all ILs the increase in concentration led to slightly lower short-circuit current density values. 
In the case of the open circuit voltage, higher IL concentration resulted in increased values for 
PMII and did not led to any changes for BMII. For PDMII, the 1.5 M concentration was also not 
beneficial for VOC and led to lower voltage values. Overall, higher IL concentrations did not show 
any advantages in photoconversion efficiencies for all DSCs sets. For PMII relative to N719 
efficiency had no significant changes on going from 0.60 to 1.50 M IL. For BMII and PDMII 
higher concentration led to lower relative efficiencies for both ILs.  
 
3.2.4 Summary: Li+ salts and IL concentration 
 
An increase in the Li+ ion concentration had a positive effect on the PCE for all ILs. The DSCs 
containing electrolytes BMIIc and BMIIf had similar J-V plot profiles with a slightly higher PCE 
for BMIIf. EQE and EIS data confirmed this trend. It was also shown that too high or too low an 
IL concentration negatively affected a PCE. Based on these results, 0.18 M LiI was considered as 




3.3 Influence of structure of IL on a DSC operation 
 
3.3.1 The change in an alkyl chain length of 1-alkyl-3-methylimidazolium iodide 
 
ILs play an important role in a DSC operation. They contribute to DSC stability over time and 
affect the mass transport of a cell. The most common ILs employed in electrolytes are imidazolium 
salts. The length of an alkyl chain of 1-alkyl-3-methylimidazolium iodide family alters the 
viscosity, diffusion properties and conductivity. For example, 1-alkyl-3-methylimidazolium 
iodides with longer side chain have higher viscosity, where alkyl representing n-butyl, n-hexyl, 
and n-octyl.168 At the same time, high viscosity of ILs brings limitations on the redox couple 
diffusion.169 Despite the use of 1-alkyl-3-methylimidazolium iodides in combination with 
3-methoxypropionitrile as an organic solvent, the ion diffusion is still strongly affected by the 
structure of the IL. Therefore, this structure is expected to bring significant changes in DSC 
performances. 
Five ILs with different alkyl chain lengths were employed in our study: 1,3-dimethylimidazolium 
iodide, 1-ethyl-3-methylimidazolium iodide, 1-propyl-3-methylimidazolium iodide, 
1-butyl-3-methylimidazolium iodide, 1-hexyl-3-methylimidazolium iodide and 
1-dodecyl-3-methylimidazolium iodide (Figure 3.33). Parameters for DSC with electrolytes based 
on given ILs are presented in Table 3.19. Four DSCs were measured for each electrolyte, but the 
most representative will be discussed. 
 






Table 3.19. Parameters for DSC using electrolytes with 1-alkyl-3-methylimidazolium iodide with different side chain length. 
Electrolyte compositions are LiI (0.18 M), I2 (0.05 M), IL (0.60 M) in MPN. 
Electrolyte 1 JSC / mA cm–2 VOC / mV ff / % η / % Rel. η / % 2 
DMII cell 1 2.31 362 63 0.53 9.5 
DMII cell 2 2.35 348 62 0.50 8.9 
DMII cell 3 2.55 366 60 0.56 10.0 
DMII cell 4 2.29 370 62 0.52 9.3 
EMII cell 1 2.47 344 62 0.52 9.3 
EMII cell 2 2.63 344 61 0.55 9.8 
EMII cell 3 2.25 316 62 0.44 7.9 
EMII cell 4 2.53 306 62 0.48 8.6 
PMIIc cell 1 3.01 315 62 0.59 10.5 
PMIIc cell 2 2.98 270 62 0.50 8.9 
PMIIc cell 3 2.98 318 63 0.59 10.5 
BMIIc cell 1  3.40 301 59 0.61 10.9 
BMIIc cell 2 3.56 311 57 0.63 11.3 
BMIIc cell 3 3.51 291 58 0.59 10.5 
BMIIc cell 4 3.40 294 60 0.60 10.7 
HMII cell 1 3.14 316 60 0.60 10.7 
HMII cell 2 3.00 317 62 0.59 10.5 
HMII cell 3 3.05 333 62 0.63 11.3 
HMII cell 4 3.13 317 61 0.61 10.9 
DodMII cell 1 3 2.74 278 62 0.47 7.5  
DodMII cell 2 3.04 317 56 0.54 8.6 
DodMII cell 3 2.41 287 60 0.41 6.5 
DodMII cell 4 2.74 268 59 0.43 6.9 
N719 12.53 654 68 5.60 100 
1 Parameters for electrolytes PMIIc and BMIIc are shown from Table 3.14 for convenience; 2 Relative to a value of η for N719 set 
at 100%; 3 DSCs with DodMII electrolyte were built with a difference of several months and reference N719 values on this day 
were JSC = 15.36 mA cm–2, VOC = 654 mV, ff = 62%, η = 6.27%. 
 
As the alkyl chain is lengthened, an increase in PCE is observed. On going from methyl to n-butyl 
substituent the values of JSC increase from 2.31 to 3.40 mA cm
–2 (Figure 3.34). Despite the 
reduction in potential from 326 to 301 mV, higher JSC lead to a 0.61% of PCE (10.9% relative to 
N719 set to 100%) for BMIIc electrolyte. Interestingly, the presence of longer alkyl chain does 




HMII has a similar PCE of 0.60% as for BMIIc, due to a slight increase in VOC of 316 mV which 
is countered by a loss in JSC. Further increase in the side alkyl chain to n-dodecyl did not show any 
advantages. The decrease in both JSC and VOC is observed compared to HMII is observed. The 
overall photoconversion efficiency of DSCs with DodMII electrolyte is the lowest in the sequence 
(PCEaverage = 0.47%, 7.5% relative to N719). The value of ff is not affected by the length of an 
alkyl substituent and stays more or less constant for all electrolytes. 
 
Figure 3.34. J-V curves for DSCs with electrolytes based on ILs of 1-alkyl-3-methylimidazolium iodide family. 
The EQE spectra were recorded for DSCs with different side-chain length (Table 3.20). For all 
DSCs the spectra cover a broad range of wavelengths as expected for the NHC iron(II) dye. The 
trend in EQE is consistent with JSC and EQEmax enhances from methyl (≈17% at λmax = 470 to 
490 nm) to n-butyl side chain up to ≈24% at λmax = 430 to 570 nm. As was observed on the 
example of J-V curves, the further extension to n-hexyl chain does not lead to any beneficial 
effects. The value of EQEmax for HMII (≈20%) is the same as for the EMII-based electrolyte. 
Further increase of n-alkyl chain to n-dodecyl has no influence on EQE spectra and DSCs with 
DodMII electrolyte have comparable EQEmax to HMII.  
Table 3.20. EQEmax values for multiple DSCs of each set. 
Electrolyte EQEmax / % EQEmax 
average / % 
Wavelength 
range 1 / nm 
cell 1 cell 2 cell 3 cell 4 
DMII 15 17 19 – 2 17 470-490 




PMIIc 24 21 21 – 3 22 450-490 
BMIIc 24 23 25 24 24 470-480 
HMII 20 21 20 21 20 480-500 
DodMII 19 21 11 21 18 490-500 
1 The range of λmax for multiple DSCs; 2 Although the cells performed well, good EQE spectra could not be obtained; 3 Only three 
working cells were used from this set for all measurements. 
 
The EIS parameters with their average values are shown in Table 3.21 and are consistent with the 
observed trends in J-V curves. In Figure 3.35, impedance spectra are presented. EIS experiments 
were carried out for multiple DSCs, but only average values will be discussed. Series resistance as 
well as platinum counter electrode resistance and capacitance stay constant for all DSCs. 
Table 3.21. EIS parameters for DSC using electrolytes with 1-alkyl-3-methylimidazolium iodide with different side chain length. 






τ / ms τt / ms Ld / µm Rs / Ω RPt / Ω CPt / 
µF 
DMII cell 1 266 484 10 129 5 61 11 6 6 
DMII cell 2 269 416 22 112 9 42 12 6 7 
DMII cell 3 381 768 4 293 3 122 13 4 6 
DMII cell 4 337 363 26 122 9 43 12 5 7 
EMII cell 1 331 472 12 156 6 62 11 8 5 
EMII cell 2 299 464 19 139 9 48 13 6 5 
PMIIc cell 1 134 405 8 54 3 48 13 8 6 
PMIIc cell 2 141 297 19 42 6 33 12 8 5 
PMIIc cell 3 134 266 26 36 7 27 15 10 7 
HMII cell 1 164 329 35 54 12 26 14 10 5 
HMII cell 2 179 330 32 59 11 28 13 10 5 
HMII cell 3 155 256 62 40 16 19 12 13 6 
HMII cell 4 179 328 30 59 10 29 13 11 5 
DodMII cell 1 218 301 26 66 8 35 12 10 6 
DodMII cell 2 281 687 10 193 7 63 19 11 6 
DodMII cell 3 243 239 69 58 17 23 14 14 7 
DodMII cell 4 182 100 20 18 2 36 13 32 7 
DMIIaverage 313 508 16 164 7 67 12 5 7 
EMIIaverage 315 468 16 148 8 55 12 7 5 
PMIIcaverage 136 323 18 44 5 36 13 9 6 
BMIIcaverage 




HMIIaverage 169 311 40 53 12 26 13 11 5 
DodMIIaverage 231 332 31 84 8 39 14 17 6 
1 Parameters for electrolyte BMIIcaverage are presented from Table 3.16 for convenience. 
 
The recombination and transport resistances do not change on going from methyl to n-ethyl group, 
but the chemical capacitance decreases from 508 to 468 µF. This explains the observation of only 
a small deviation in JSC and VOC values for the respective DSC sets and leads to a comparable PCE. 
The similarity of DMII and EMII impedance spectra can be seen in Figure 3.35 in both Nyquist 
and Bode plots. The change to an n-propyl substituent results in a decrease in both Rrec and Cµ, 
what leads to enhanced short-circuit current density. The extension to an n-butyl chain results in 
increased values of recombination resistance and chemical capacitance, but lower transport 
resistance. The combination of these parameters results in higher JSC and as consequence higher 
PCE compared to PMIIc electrolyte. In case of n-hexyl side chain an increase in Rrec as well as Rtr 
in combination with lower Cµ values lead to similar DSC efficiencies as for BMIIc. Remarkably, 
values of diffusion length, electron lifetime and electron transport time are consistent with each 






Figure 3.35. EIS plots for DSCs with electrolytes DMII, EMII, PMIIc, HMII and DodMII: a. Nyquist plot with expansion of high 
frequency region; b. Bode plot. 
Interestingly, two groups of electrolytes could be extracted based on EIS and J-V parameters. 
Electrolytes DMII and EMII have similar ranges of Rrec (≈314 Ω) and Cµ (468-508 µF), while 
PMIIc, BMIIc and HMII have same parameters in the ranges of 136-169 Ω for Rrec and 311-358 µF 
for Cµ. The same trend can be observed for DSC performances. For electrolytes DMII and EMII 
average JSC value is 2.42 mA cm
–2 and average PCE of 0.51%. At the same time electrolytes 
PMIIc-HMII have an average JSC value of 3.20 mA cm
–2 and average PCE of 0.59%. Thus, 
electrolytes with 1-alkyl-3-methylimidazolium iodide IL, where alkyl group is n-propyl or longer, 
have more favorable electron injection into the semiconductor. On the other hand, an n-hexyl chain 
is less suitable than an n-butyl one. This can be confirmed with values of Ld and τt. It is known that 
the optimal diffusion length has to be around three times greater than the thickness of the TiO2 
layer (d is ≈12 µm). For HMII the decrease in the Ld value in combination with an increased τt lead 
to a less efficient electron collection on the back of an electrode.  
Low transport resistance and transport time values and optimal diffusion length for BMII-based 






3.3.2 The influence of a methyl group in the 2-position in imidazolium-based IL 
 
Despite the broad use of imidazolium derivatives as ILs in electrolytes for DSCs, they can degrade 
under temperature or irradiation conditions. Because of the activated position between two 
nitrogen atoms, imidazolium core has a potential to form a dimer or generate a highly reactive free 
carbene moiety (Scheme 3.6). Under the basic conditions the ring-opening can occur. One way to 
avoid these types of undesired reactions is to protect the 2-position with the methyl group, which 
will prevent the deprotonation. 
 
Scheme 3.6. Possible rearrangement of imidazolium-based IL.170  
Therefore, 1-propyl-3-methylimidazolium iodide, 1-butyl-3-methylimidazolium iodide and 
1-hexyl-3-methylimidazolium iodide ILs were compared to the corresponding ILs with additional 
methyl group in 2-position: 1-propyl-2,3-dimethylimidazolium iodide (PDMII), 1-butyl-2,3-
dimethylimidazolium iodide (BDMII) and 1-hexyl-2,3-dimethylimidazolium iodide (HDMII, 
Figure 3.36). The electrolyte composition for all DSCs was LiI (0.18 M), I2 (0.05 M), IL (0.6 M) 
in MPN. In Table 3.22 parameters for multiple DSCs are presented, but solely values for the most 
representative cells will be discussed. 
 






Table 3.22. Parameters for DSCs with different ILs employed in electrolytes. All DSCs were fully masked. 
Electrolyte 1 JSC / mA cm–2 VOC / mV ff / % η / % Rel. η / % 2 
PMIIc cell 1 3.01 315 62 0.59 10.5 
PMIIc cell 2 2.98 270 62 0.50 8.9 
PMIIc cell 3 2.98 318 63 0.59 10.5 
PDMIIa cell 1 3.27 348 58 0.66 11.8 
PDMIIa cell 2 3.41 346 54 0.64 11.4 
BMIIc cell 1  3.40 301 59 0.61 10.9 
BMIIc cell 2 3.56 311 57 0.63 11.3 
BMIIc cell 3 3.51 291 58 0.59 10.5 
BMIIc cell 4 3.40 294 60 0.60 10.7 
BDMIIc cell 1  3.70 279 58 0.60 10.7 
BDMIIc cell 2 3.30 321 61 0.64 11.5 
BDMIIc cell 3 3.37 295 61 0.61 10.9 
BDMIIc cell 4 3.53 263 59 0.55 9.8 
HMII cell 1 3.14 316 60 0.60 10.7 
HMII cell 2 3.00 317 62 0.59 10.5 
HMII cell 3 3.05 333 62 0.63 11.3 
HMII cell 4 3.13 317 61 0.61 10.9 
HDMII cell 1 3.00 303 63 0.57 10.2 
HDMII cell 2 3.04 254 60 0.46 8.2 
HDMII cell 3 3.04 282 62 0.53 9.5 
HDMII cell 4 2.87 302 63 0.55 9.8 
N719 12.53 654 68 5.60 100 
1 Parameters for electrolytes PMIIc, PDMIIa and BMIIc are presented from Table 3.14 for convenience; 2 Relative to a value of η 
for N719 set at 100%. 
 
On going from PMII to PDMII IL the increase in both short-circuit current density and open-circuit 
voltage can be observed. JSC value changed from 3.01 for PMII to 3.27 mA cm
–2 for PDMII. In 
case of VOC, the values enhanced up to 438 mV for PDMII IL compared to 315 mV for PMII. 
These changes correspond to higher PCE for PDMII of 0.66%.  
The performances of DSCs with BMII and BDMII do not differ. The average PCE is 0.6% for 
both ILs. Despite the change in the structure, the DSCs containing BDMII had same average JSC 
of 3.5 mA cm–2 and similar VOC values, which are only 10 mV smaller, than the average for BMII. 




ILs are in different states: BMII is a liquid, while BDMII is a solid. This difference could 
expectedly lead to variable ionic conductivity and mass transport properties. However, identical 
trends in DSC parameters show that the structural differentiation does not have any effect on the 
DSC performance.   
The comparison between HMII and HDMII resulted in better PCE for HMII IL in the range of 
0.60-0.63%. PCE values for HDMII lay between 0.46 and 0.57%. The difference could be 
explained by the higher VOC for HMII, which is 320 mV (average for 4 cells) compared to 285 mV 
(average) for HDMII. At the same time, the short-circuit current density stayed the same, around 
3.0 mA cm–2 for both ILs. 
The overall PCE trend for all ILs is shown in Figure 3.37, where the blue colour corresponds to 
mono-methylated and yellow corresponds to bis-methylated imidazolium ring. Average values of 
multiple DSCs were used for all parameters.  
 
Figure 3.37. JSC, VOC and η average values for DSCs based on n-alkyl-3-methylimidazolium iodide or n-alkyl-
2,3-dimethylimidazolium iodide to illustrate the influence of IL structure. 
For the n-propyl side chain, the presence of the additional methyl group led to an increase in both 
JSC and VOC values. This effect had a direct impact on photoconversion efficiency and resulted in 
a higher η for PDMII than PMII. The data for 1-butyl-3-methylimidazolium iodide are very similar 
to those for cells with BDMII and indicate the similar performance of DSCs based on these ILs. 




from HMII to HDMII and, thus, a lower η was observed for the IL with two methyl groups in the 
structure. 
 
3.3.3 The influence of IL counterion on DSC performance 
 
A high quantity of imidazolium iodide in an electrolyte results in increased I– concentrations, 
which contribute to the redox shuttle and result in faster dye regeneration. At the same time, too 
high amounts of iodide ion lead to a loss of the photocurrent due to the effective quenching of dye 
and sequential ineffective electron injection into the semiconductor.88 In order to overcome this 
drawback, we decided to investigate the impact of ILs with different counterions.  
 
Figure 3.38. Structures of ILs with different counterions used in this study. 
Following compounds were chosen for the investigations: 1-butyl-3-methylimidazolium 
tetrachloroferrate and hexafluorophosphate, 1-butyl-2,3-dimethylimidazolium ILs with 
tetrafluoroborate, hexafluorophosphate and trifluoromethanesulfonate counterions and 
1-propyl-3-methylimidazolium ILs with tetrafluoroborate, bis(trifluoromethylsulfonyl)imide and 
iodide counterions (Figure 3.38). The performances of DSCs containing the electrolytes with 
different ILs are summarized in Table 3.23. The electrolyte composition was LiI 0.18 M, I2 0.05 M 
and IL 0.6 M in MPN. 
Table 3.23. Parameters for multiple DSCs using electrolytes based on imidazolium ILs with different counterions. All DSCs were 
fully masked. 
Electrolyte JSC / mA cm–2 VOC / mV ff / % η / % Rel. η / % 1 
BDMIBF cell 1 3.80 266 41 0.41 7.3 
BDMIBF cell 2 4.09 251 39 0.40 7.1 
BDMIPF cell 1 2.84 351 58 0.57 10.2 
BDMIPF cell 2 2.83 346 57 0.56 10.0 




BDMICFSO cell 2 2.07 387 67 0.54 9.6 
PMIBF cell 1 4.90 244 30 0.35 6.3 
PMIBF cell 2 3.34 248 26 0.21 3.8 
PMINCFSO cell 1 2.84 316 62 0.56 10.0 
PMINCFSO cell 2 2.88 311 61 0.55 9.8 
BMIPF cell 1  1.17 142 31 0.05 0.8 2 
BMIPF cell 2 1.84 187 31 0.11 1.5 
BMIPF cell 3 1.52 224 37 0.12 1.8 
BMIPF cell 4 0.73 305 48 0.11 1.6 
BMIFeCl – – – – – 
N719 12.53 654 68 5.60 100 
1 Relative to a value of η for N719 set at 100%. 2 DSCs with BMIPF electrolyte were built with a difference of several months and 
reference N719 values on this day were JSC = 13.83 mA cm–2, VOC = 736 mV, ff = 67%, η = 6.81%. 
 
 
Figure 3.39. J-V curves for DSCs with electrolytes based on [BDMII]+ and [PMI]+ ILs with different counterions. 
In the series of [BDMI]+ ILs with [BF4]
–, [PF6]
– and [CF3SO3]
– counterions, JSC values fall from 
3.80 to 2.22 mA cm–2, while open circuit voltage enhances from 266 to 385 mV (Figure 3.39). In 
the [PMI]+ series, the observed trend is the same. On going from [BF4]
– to [N(CF3SO2)2]
– and to 
I– an increase in VOC is followed by a decrease in JSC. This results in a better photoconversion 
efficiency of 0.56% for PMINCFSO electrolyte than 0.35% for PMIBF. The highest PCE of 0.59% 
is observed for electrolyte PMIIc and translates to a relative efficiency of 10.5% withrespect to 




Interestingly, for [BDMI]+ the change from [PF6]
– to [CF3SO3]
– has only a little effect on the DSC 
efficiencies (0.57 and 0.56%). For [PMI]+ there is a moderate gain in performance from 0.35 to 
0.56% (6.3 and 10.0% relative to N719) on going from [N(CF3SO2)2]
– to I– counterion as a 
consequence of enhanced JSC value of 3.01 mA cm
–2 while retaining VOC. 
The presence of [BF4]
– counterions is not beneficial in either of the BDMIBF or PMIBF 
electrolytes. Despite high short-circuit current densities values, low VOC values of 266 and 264 mV 
in combination with low ff values of 41 and 30% lead to PCE values of 0.41 and 0.35% for 
BDMIBF and PMIBF, respectively.  
DSCs containing the electrolyte with BMIPF have the lowest performance in the series except 
BMIFeCl. DSCs with 1-butyl-3-methylimidazolium hexafluorophosphate have JSC values 
<2.00 mA cm–2. The J-V curves for devices with these ILs were not especially reproducible, and 
this is often the case in our study of the iron(II) NHC sensitized cells with small PCE values.   
DSCs with the BMIFeCl electrolyte in which the 1-butyl-3-methylimidazolium salt has 
tetrachloroferrate as counterion, do not have any current going through cell. It is important to note 
that the electrolyte had a dark red colour, but during DSC irradiation it turned bright pink. We 
have no explanation for this observation. 
 
3.3.4 The influence of mixed counterions of 1-alkyl-3-methylimidazoluim ILs 
 
As was discussed above, high concentrations of I- in the electrolyte provoke dye quenching and 
decrease electron injection. Thus, the use of ILs with different counterions can decrease the iodide 
concentration in the system while retaining the quantity of imidazolium cation. At the same time 
in section 3.3.3, it was shown that the change of the imidazolium salt counterion from iodide to 
non-halide ions did not lead to an increase in PCE values. However, anomalous high short-circuit 
current densities were observed for ILs with the [BF4]
– counter ion. We therefore considered it of 
interest to combine the benefits of ILs with the different anion and try the electrolytes with binary 
ionic liquids. 
Compositions for tested electrolytes with mixed ILs are presented in Table 3.24. 1-propyl-3-
methylimidazole iodide, 1-butyl-3-methylimidazole iodide, 1-propyl-3-methylimidazole 





Table 3.24. Electrolyte composition based on binary ionic liquids used for DSCs manufacturing. The solvent was MPN for all 
systems. [Im]+[I]– is an imidazolium-based IL with iodide counterion; [Im]+[X]– is imidazolium-based IL with any counterion 
except iodide. 
Electrolyte [Im]+[I]– / M [Im]+[X]– / M LiI / M I2 / M 
PMII-BFa PMII / 0.52 PMIBF4 / 0.08 0.18 0.05 
PMII-BFb PMII / 0.52 PMIBF4 / 0.04 0.18 0.05 
BMII-PFa BMII / 0.52 BMIPF6 / 0.08 0.18 0.05 
BMII-PFb BMII / 0.52 BMIPF6 / 0.04 0.18 0.05 
BMIPF – BMIPF6 / 0.60 0.18 0.05 
 
The starting point was an PMIIc electrolyte containing 0.60 M IL . In section 3.2.3, it was shown 
that higher IL concentrations are not beneficial for DSCs, so it was decided to keep the total IL 
concentration as 0.60 M in all electrolytes. The combinations of PMII and PMIBF as well as BMII 
and BMIPF ILs were tested. The photovoltaic parameters are presented in Table 3.25 where entries 
1, 2, 3, 4, 5 correspond to PMII-BFa, PMII-BFb, BMII-PFa, BMII-PFb and BMIPF electrolytes, 
respectively. In the following discussion the average values of J-V parameters will be considered 
for an appropriate comparison of DSCs sets between each other. 
Table 3.25. Parameters for DSCs using mixed ILs in electrolytes. All DSCs were fully masked. 
Entry Electrolyte  JSC / mA cm–2 VOC / mV ff / % η / % Rel. η / % 1 
1 
PMII-BFa cell 1 2.83 283 57 0.46 7.0 
PMII-BFa cell 2 3.15 251 57 0.45 6.8 
PMII-BFa cell 3 2.99 242 58 0.42 6.4 
PMII-BFa cell 4 3.50 224 57 0.45 6.9 
2 
PMII-BFb cell 1 2.53 305 62 0.48 7.3 
PMII-BFb cell 2 2.47 301 64 0.48 7.3 
PMII-BFb cell 3 2.72 279 65 0.49 7.5 
PMII-BFb cell 4 2.58 299 67 0.52 8.0 
3 
BMII-PFa cell 1 2.47 308 61 0.46 7.0 
BMII-PFa cell 2 2.56 310 62 0.49 7.5 
BMII-PFa cell 3 2.34 312 66 0.48 7.3 
BMII-PFa cell 4 2.98 290 63 0.55 8.4 
4 
BMII-PFb cell 1 2.50 294 59 0.43 6.6 
BMII-PFb cell 2 2.67 294 59 0.46 7.0 




BMII-PFb cell 4 2.84 282 66 0.53 8.1 
5 
BMIPF cell 1 1.17 142 31 0.05 0.8 
BMIPF cell 2 1.84 187 31 0.11 1.7 
BMIPF cell 3 1.52 224 37 0.12 1.8 
BMIPF cell 4 0.73 305 48 0.11 1.7 
̶ PMII-BFaaverage 3.12 250 57 0.45 6.8 
̶ PMII-BFbaverage 2.58 296 65 0.49 7.5 
̶ BMII-PFaaverage 2.59 305 63 0.50 7.6 
̶ BMII-PFbaverage 2.70 288 62 0.48 7.3 
̶ BMIPFaverage 1.32 214 36 0.10 1.5 
̶ N719 13.90 717 66 6.54 100 
1 Relative to a value of η for N719 set at 100%. 
 
The electrolyte PMII-BFa contains 0.52 M PMII and 0.08 M PMIBF4. For this electrolyte, an 
increase in JSC was observed compared to PMIIc, but the average value of 3.12 mA cm
–2 is lower 
that for the PMIBF. For VOC with higher values were observed for PMII-BFa than for PMIIc 
electrolyte. The overall efficiency decreases with addition of PMIBF4 despite the increase in 
short-circuit current density. The opposite trend is observed for PMII-BFb. The lower 0.04 M 
concentrations of [BF4]
– led to lower current density values, but higher potential and, thus, higher 
PCE compared to 0.08 M BMIBF4 in the electrolyte. 






Figure 3.40. JSC, VOC and relative η average values for DSCs based on electrolytes with mixed ILs to illustrate the influence of 
imidazolium anion. The total concentration of IL is always 0.60 M. The retained electrolyte composition is 0.18 M LiI, 0.05 M I2 
in MPN. The detailed electrolyte compositions are presented in Table 3.24. Yellow dots correspond to iodine counterion, bright 
blue to [BF4]- in case of [PMI]+ and [PF6]- in case of [BMI]+. Dark blue dots correspond to electrolytes with mixed ILs. Note: For 
PMIBF electrolyte the good reproducibility was achieved for JSC and VOC values, but due to the deviations in ff, the reproducibility 
of the set was relatively low in terms of relative efficiency (6.3 and 3.8%) and, thus, average relative η cannot be directly compared 
to other electrolytes’ values. 
The average relative efficiency of DSCs with BMIPF electrolyte was dramatically low compared 
to BMIIc (relative η 1.5% and 10.6%, respectively, Figure 3.40). The addition of 0.08 M BMIPF6 
IL to 0.52 M BMII (electrolyte BMI-PFa, Table 3.24) did not improve the efficiency compared to 
BMIIc and decreased the values of JSC. The VOC values remained the same for both electrolytes. 
Reducing the BMIPF6 concentration to 0.04 M (Table 3.24, electrolyte BMII-PFb) did not lead to 
significant changes in PCE on going from BMI-PFa to BMI-PFb electrolyte.  
Overall, the mixture of ILs in electrolyte is beneficial compared to only [Im]+[X]– (where X ≠ I), 








3.3.5 Summary: The influence of n-alkyl substituents and counterions of ILs  
 
Our investigations have shown that the increase in the length of the alkyl side chain in imidazolium 
ILs has a positive effect on DSC performance. The two best performing electrolytes were based 
on PMII and BMII ILs. However, the optimal side chain for 1-alkyl-3-methylimidazolium iodide 
is n-butyl and the further increase in length to n-hexyl does not have any benefits. This conclusion 
is confirmed in the EQE spectra and EIS measurements. The presence of additional methyl group 
in 2-position for PMII and BMII ILs leads to higher PCE for PDMII and similar PCE of ≈0.61% 
in case of BDMII. In case of HMII, the changes in the structure led to lower average performance 
of 0.52%. These experiments have shown that for imidazolium ILs with longer n-alkyl side chains 
starting from n-butyl, an additional methyl group is not beneficial. The further adjustments were 
done with counterions of ILs of imidazolium family. The counterion change has resulted in high 
VOC values for BDMICFSO and PMINCFSO electrolytes, while [BF4]
– containing ILs are not 
advantageous despite high JSC values. The combination of ILs with different counterions did not 
improve the DSC photovoltaic performance despite high JSC values. The best overall performances 









All electrolytes in our study have the iodide/triiodide redox couple, which can be described as in 
Equation 3.1. In solution, iodine and iodide form triiodide. In detail the interaction between redox 
shuttle and dye is described in First Chapter, section 1.4.4. 
𝐼2 + 𝐼
− = 𝐼3
−                                                         (3.1)   
The triiodide concentration is of importance for well performing dye-sensitized solar cell and 
directly affects VOC values due to the redox potential of the electrolyte.
171 Triiodide concentration 
depends on the iodine concentration according to Equation 3.1. Usually, the formation constant 
for triiodide is high in organic solvents. At the same time, the concentration of iodide ions is also 
much higher than that of iodine.84 For example, electrolyte PDMIIa consists of LiI, I2 and PDMII. 
The total concentration of I– is 0.78 M (LiI 0.18 M in combination with PDMII 0.60 M), while the 
starting concentration of iodine is just 0.05 M before the injection of electrolyte into the DSC 
device.  
It has been demonstrated using the dye N719 that an increase in I2 concentration has a direct 
influence on the short-circuit current density.172 The optimal iodine concentration for the 
electrolyte in acetonitrile was 0.03 M (remaining electrolyte composition, i.e. excluding iodine, is 
1.00 M PMII, 0.10 M guanidinium thiocyanate, 0.50 M MBI in MeCN). On going from lower to 
higher iodine concentration (0.03 M → 0.20 M → 0.50 M), a positive shift of the redox potential 
was observed. Despite this shift, the VOC values were not affected by varying iodine concentrations. 
Interestingly, the usage of 1-ethyl-3-methylimidazolium tetracyanoborate (EMIBCN) IL as a 
solvent led to a different trend and 0.20 M I2 was the most beneficial concentration. It was also 
shown that the effective diffusion coefficient for triiodide was in a good agreement with the 
literature for IL electrolyte, while for MeCN media it was one order of magnitude lower than 
expected.172 
Two main differences between acetonitrile and EMIBCN are their density and their viscosity, 
which has a great influence on ion diffusion in the electrolyte. In Table 3.26, the densities of 
MeCN, EMIBCN and MPN are presented. As expected, EMIBCN as an IL has the highest density 




which is in between these two solvents. The same trend for chosen solvents is observed in 
viscosity. 
Table 3.26. Solvent densities at room temperature. 
Solvent Density [g/mL at 25°C] Viscosity [mPa s] 1 
Acetonitrile  0.786 0.37 / 298 K 
1-Ethyl-3-methylimidazolium 
tetracyanoborate  
1.294 19.8 / 293 K 
3-Methoxypropionitrile  0.937 2.5 / 298 K 
1 1 cP = 1 mPa s 
The triiodide diffusion capability directly contributes to DSC efficiency. Since the viscosity of 
electrolyte media directly influences the transport of the redox shuttle, and viscous solvents can 
retard the ion diffusion 172, higher iodine concentrations can help to overcome this limitation. At 
the same time, more recombination processes can occur. Hence, the optimal iodine concentration 
needs to be found for the best possible electrolyte combination. 
In our previous investigations we had shown that IL structure highly influences the iron(II)-based 
DSC photovoltaic performance. Therefore, various concentrations of iodine were tested for 
FeNHC-based DSCs in the presence of different ILs with MPN as an electrolyte solvent. 
 
3.4.2 Comparison of electrolytes with 0.05 M and 0.10 M I2 
 
In Table 3.27, parameters extracted from J-V curves for various electrolytes with 0.10 M iodine 
concentration are presented. The ruthenium(II) dye N719 was used as a reference. 
1,3-Dimethylimidazole iodide, 1-ethyl-3-methylimidazole iodide, 1-propyl-3-methylimidazole 
iodide, 1-butyl-3-methylimidazole iodide, 1-hexyl-3-methylimidazole iodide, 1-propyl-2,3-
dimethylimidazole iodide, 1-butyl-2,3-dimethylimidazole iodide and 1-hexyl-2,3-
dimethylimidazole iodide were chosen as ionic liquid components in electrolytes (Table 3.27, 
electrolytes DMIIa (entry 1), EMIIa (entry 2), PMIIg (entry 3), BMIIo (entry 4), HMIIa (entry 5), 
PDMIIe (entry 6), BDMIIb (entry 7), HDMIIa (entry 8) and PDMIId (entry 9)). The composition 




MBI was added. In 2020, Becker et al. published the statistical investigations of the reproducibility 
of DSCs (the investigation is presented in Chapter 2).173 It was shown that multiple DSCs are 
required for representative data. It is convenient to use average values of multiple DSCs for the 
comparison between the cells instead of data collected for one device. Thus, in the following 
discussion the average values of J-V parameters will be considered for appropriate comparison of 
DSCs sets between each other.         
Table 3.27. Parameters for sets of multiple DSCs using electrolytes with 1-alkyl-3-methylimidazolium iodide or 1-alkyl-2,3-
dimethylimidazolium iodide with different side chain length and increased iodine concentration. Electrolyte composition is LiI 
(0.18 M), I2 (0.10 M), IL (0.60 M) in MPN everywhere, except PDMIId. In the end of the Table, average data are presented for 
each parameter. All DSCs were fully masked. 
Entry Electrolyte  JSC / mA cm–2 VOC / mV ff / % η / % Rel. η / % 1 
1 
DMIIa cell 1 3.94 282 61 0.67 10.8 
DMIIa cell 2 3.70 285 60 0.64 10.3 
DMIIa cell 3 3.93 275 58 0.62 10.0 
DMIIa cell 4 3.70 296 61 0.67 10.8 
2 
EMIIa cell 1 3.50 211 41 0.30 4.8 
EMIIa cell 2 4.69 234 48 0.53 8.6 
EMIIa cell 3 2.86 173 38 0.19 3.1 
EMIIa cell 4 4.39 187 40 0.33 5.3 
3 
PMIIg cell 1 2.55 288 64 0.47 7.6 
PMIIg cell 2 2.37 297 64 0.45 7.3 
PMIIg cell 3 2.53 297 63 0.48 7.7 
PMIIg cell 4 2.48 306 63 0.47 7.7 
4 
BMIIo cell 1 2.45 274 64 0.43 6.9 
BMIIo cell 2 2.19 263 64 0.37 6.0 
BMIIo cell 3 2.56 275 64 0.45 7.3 
BMIIo cell 4 2.48 266 63 0.42 6.7 
5 
HMIIa cell 1 2.95 164 32 0.16 2.6 
HMIIa cell 2 2.84 166 32 0.15 2.4 
HMIIa cell 3 2.10 115 29 0.07 1.1 
HMIIa cell 4 2.52 138 29 0.10 1.6 
6 
PDMIIe cell 1 3.51 171 47 0.28 4.5 
PDMIIe cell 2 3.69 156 42 0.24 3.9 




PDMIIe cell 4 3.45 144 39 0.20 3.2 
7 
BDMIIb cell 1 2.56 283 61 0.44 7.2 
BDMIIb cell 2 2.59 262 60 0.40 6.5 
BDMIIb cell 3 2.59 282 60 0.44 7.1 
BDMIIb cell 4 2.45 260 61 0.39 6.2 
8 
HDMIIa cell 1 2.45 251 57 0.35 5.7 
HDMIIa cell 2 2.59 229 56 0.33 5.3 
HDMIIa cell 3 2.51 229 56 0.32 5.2 
HDMIIa cell 4 2.76 259 52 0.38 6.1 
9 
PDMIId cell 1 2 0.07 285 51 0.01 0.2 
PDMIId cell 2 0.07 278 50 0.01 0.2 
̶ DMIIaaverage 3.82 285 60 0.65 10.5 
̶ EMIIaaverage 3.86 201 42 0.34 5.5 
̶ PMIIgaverage 2.48 297 63 0.47 7.6 
̶ BMIIoaverage 2.42 269 64 0.42 6.7 
̶ HMIIaaverage 2.60 146 31 0.12 1.9 
̶ PDMIIeaverage 3.50 156 43 0.24 3.8 
̶ BDMIIbaverage 2.55 272 60 0.42 6.8 
̶ HDMIIaaverage 2.58 242 55 0.35 5.6 
̶ PDMIIdaverage 0.07 282 51 0.01 0.2 
1 Relative to average N719 efficiency of 6.19% from all N719 values (6.22, 6.21 and 6.14%) during DSCs measurements; 
2 Electrolyte contains MBI and the composition is LiI (0.18 M), I2 (0.10 M), MBI (0.50 M), IL (0.60 M) in MPN. 
 
The short-circuit current density values are remarkably similar for electrolytes DMIIa and EMIIa 
with 3.82 and 3.86 mA cm–2, respectively (Table 3.27, entries 1 and 2). Then, a decrease in JSC is 
observed for the electrolytes with PMII (2.48 mA cm–2; entry 3) and BMII (2.42 mA cm–2; entry 4) 
ILs compared to 3.86 mA cm–2 for EMIIa. The JSC value of 2.60 mA cm
–2 for the cell containing 
HMIIa (entry 5) is comparable to those with the PMIIg and BMIIo electrolytes. The open circuit 
voltage is in the same range of 297-269 mV for all 1-alkyl-3-methylimidazolium iodide-based 
electrolytes except for EMII and HMII ILs. The lowest value of 146 mV is observed for HMIIa 
while for EMIIa it is 201 mV. The trends in values of ff and PCE follow the same pattern as the 
trend in VOC values, in which the lowest result is found for HMIIa. Remarkably, the set of DSCs 





On going from ILs with a 1-alkyl-3-methylimidazolium core to ILs with an additional methyl 
group (1-alkyl-2,3-methylimidazolium iodide), changes in performance are observed. For 
example, DSCs with PDMII IL (entry 6) have higher JSC of 3.50 mA cm
–2 compared to those with 
PMII. At the same time, the decrease in VOC and ff resulted in lower overall PCE. For BDMIIb 
electrolyte (entry 7) no significant changes were observed compared to BMIIo (entry 4) and, thus, 
the same PCE of 0.42% is seen for both electrolytes. In case of HDMII IL (entry 8), the trend in 
J-V parameters is different. The short-circuit current density stays constant, while VOC and ff values 
show an increase compared to HMII. This change has a positive outcome leading to higher PCE. 
In our previous investigations, PDMII IL had one the highest PCE with 0.05 M I2 compared to 
other ILs (Chapter Three, part 3.2, section 3.2.1). Since DSCs with the PDMIIe electrolyte have 
low open circuit voltage values but promising JSC values, it was decided to enhance the efficiency 
with an addition of MBI to electrolyte. MBI is a known agent to improve the open circuit 
voltage.174, 175 Therefore, 0.5 M MBI was added in the electrolyte composition. Unfortunately, the 
increase in VOC occurred together with dramatic reduction in JSC, which resulted in PCE of 0.01% 
only (0.2% relative to N719).      
As discussed above, not only the iodine concentration influenced the overall efficiencies of DSCs. 
The DSC performance was influenced by the IL structure in combination with I2 concentration in 
the electrolyte composition. Hence, the trend for electrolytes with 0.10 M iodine is significantly 
different compared to those with 0.05 M I2 (Figure 3.41). 
The open circuit voltage is the difference between the Fermi level of a semiconductor and the 
redox potential of electrolyte. According to the Nernst Equation the increase in iodide ion 
concentration would cause a negative shift of the I–/I3
– potential, consequently reducing the 
VOC.
171  In the case of open circuit voltage, the increase in iodine concentration to 0.10 M resulted 
in lower values for all ILs compared to 0.05 M I2. Only PMII IL has a comparable potential for 
0.05 M and 0.10 M I2. It is important to note that with 0.05 M I2, the average VOC values for all 
three ILs were in the range of 362-321 mV, while with 0.10 M I2 the difference became more 
obvious. Considering this aspect, values of 201, 297 and 146 mV were measured for EMIIa, PMIIg 






Figure 3.41. JSC, VOC and relative η average values for DSCs based on electrolytes with 0.05 or 0.10 M I2 and 
n-alkyl-3-methylimidazolium or n-alkyl-2,3-dimethylimidazolium iodide to illustrate the influence of iodine concentration. The 
retained electrolyte composition is 0.18 M LiI, 0.60 M IL in MPN. The average values for electrolytes with 0.05 I2 are calculated 
from the Table 3.14. 
 
For JSC, higher values were obtained with an increased concentration of iodine only for DMII and 
EMII ILs. With PDMII IL, there was almost no change in JSC (3.34 and 3.50 mA cm
–2 for 0.05 
and 0.10 M I2) with different iodine concentrations. In the case of HMII IL as well as HDMII 
based electrolytes, the change in JSC is less than 0.5 mA cm
–2 (3.08 and 2.60 mA cm–2 for HMII 
with 0.05 and 0.10 M I2; 2.99 and 2.58 mA cm
–2 for HDMII with 0.05 and 0.10 M I2). The trend 
in PCE is for all ILs except DMII and DSCs containing electrolytes with lower iodine quantities 
have higher performances. The ηaverage increased from 0.53 to 0.65% (9.4 to 10.5% relative to 
N719, Figure 3.41). Thus, in terms of photoconversion efficiency, the DMIIa electrolyte has the 
highest potential. 
 
3.4.3 EIS measurements of DSCs with 0.10 M I2 
 
For a deeper understanding of the electrolyte differences, EIS measurements were performed. In 
Table 3.28, data for multiple DSCs are presented with average values for each parameter. Only 




experimental EIS data electric circuit model 1 was used, which was shown in First Chapter. The 
model includes transmission line impedance and Nernst diffusion impedance represented by a 
Warburg impedance. 
Table 3.28. EIS parameters for DSCs with 0.10 M I2 in electrolytes. 


















1 DMIIa cell 1 86 428 20 37 8 25 10 9 5 6 
DMIIa cell 2 115 385 33 44 13 23 21 9 5 6 
DMIIa cell 3 127 477 16 60 8 34 15 9 4 6 
DMIIa cell 4 124 363 34 45 12 23 14 11 5 6 
2 EMIIa cell 1 284 1796 2 510 4 133 22 11 8 6 
EMIIa cell 2 88 1256 2 111 3 76 37 11 7 5 
EMIIa cell 3 252 1306 1 329 1 191 44 11 4 6 
EMIIa cell 4 184 1764 1 325 2 147 10 11 5 6 
3 PMIIg cell 1 188 355 19 67 7 38 42 12 5 6 
PMIIg cell 2 248 335 30 83 10 35 72 11 4 7 
PMIIg cell 3 248 383 17 95 6 46 65 11 4 6 
PMIIg cell 4 231 328 24 76 8 37 61 11 5 6 
4 BMIIo cell 1 195 431 12 84 5 48 41 15 5 5 
BMIIo cell 2 192 309 32 59 10 29 55 14 5 5 
BMIIo cell 3 195 402 16 78 6 42 51 11 6 5 
BMIIo cell 4 164 259 49 42 13 22 41 12 6 6 
5 HMIIa cell 1 382 2582 3 986 7 147 72 12 15 6 
HMIIa cell 2 374 2435 1 910 2 238 87 11 10 6 
HMIIa cell 3 457 2849 1 13000 2 344 83 11 8 7 
HMIIa cell 4 376 2845 1 1068 3 233 77 11 13 6 
6 PDMIIe cell 1 182 954 2 174 2 115 33 13 6 5 
PDMIIe cell 2 241 1324 2 320 3 132 21 12 7 5 
PDMIIe cell 3 297 1136 3 338 3 127 15 13 7 5 
PDMIIe cell 4 239 1250 2 298 3 122 11 11 5 5 
7 BDMIIb cell 1 244 407 13 99 5 52 48 12 6 5 
BDMIIb cell 2 249 459 9 114 4 64 57 13 9 5 




8 HDMIIa cell 1 215 367 22 79 8 38 18 12 12 5 
HDMIIa cell 2 164 319 28 52 9 29 21 12 8 5 
HDMIIa cell 3 329 328 28 108 9 41 44 12 8 6 
HDMIIa cell 4 251 396 23 100 9 40 22 12 10 6 
– DMIIaaverage 113 413 26 47 10 26 15 10 4 6 
– EMIIaaverage 202 1531 2 319 3 137 28 11 6 6 
– PMIIgaverage 229 350 22 80 8 39 60 11 4 6 
– BMIIoaverage 186 350 27 66 8 36 47 13 6 5 
– HMIIaaverage 397 2678 1 3991 3 240 80 11 12 6 
– PDMIIeaverage 240 1166 2 282 3 124 20 12 6 5 
– BDMIIbaverage 230 450 9 103 4 60 49 13 7 5 
– HDMIIaaverage 240 352 25 85 9 37 26 12 9 6 
 
The series resistance Rs stays constant (as expected) for all the DSCs and thus, the observed 
variation in performances and ff values cannot be assigned to this. The parameters RPt and CPt, 
which are attributed to the platinum counter electrode, are constant for most DSCs as well. 
Exceptions are the HMIIa and HDMIIa sets. These cells have the highest RPt values of 12 and 9 Ω, 
respectively, which is also seen in the Bode plot (Figure 3.42, high frequency region). The 
difference in RPt can be a result of different interfacial contact formation between the platinum 
layer and the electrolyte. 176 The variation in ff values can be a consequence of the same cause.176 
The process of triiodide catalytic reduction at the counter electrode is associated with a voltage 
loss due to the overpotential. This has a response in a DSC fill factor decrease.134 
The transport of the redox shuttle through the electrolyte media is diffusion-driven and of key 
importance for an efficient DSC performance.147 High iodide concentrations are required for rapid 
dye regeneration, meaning that I– is in excess to I3
–. Low triiodide concentration limits the mass 
transport in solar cells, but in contrast to this, an excess of I3
– may lead to an increase of 
recombination processes at the photoanode. An excess of I3
– (λmax ≈ 350 nm) also leads to 
increased light absorption, but no electron injection.134 In the Nyquist plot, the electrolyte 
contribution can be observed in the low f region (Figure 3.43). The diffusion resistance Rd in the 
electrolyte can give an inside look into the electron transfer and needs to be considered together 
with the charge transfer resistance RPt at the counter electrode. The overall trend can be described 
as longer alkyl chains introduced into the IL correspond to higher Rd values (15 Ω for DMII 




whose Rd average value falls between those of EMIIa and PMIIg. The highest diffusion resistance 
corresponds to the highest RPt value for HMIIa electrolyte (entry 5). For ILs with an additional 
methyl group, the Rd values are in the range of 20-49 Ω (entries 6-8). The greatest diffusion 
resistance corresponds to the BDMIIb electrolyte (entry 7). Interestingly, this did not affect RPt, 
whose value is comparable to other DSC sets. 
Another important parameter, which varies between cells, is the electron lifetime τ. The longest τ 
is observed for HMIIa and the shortest for DMIIa electrolyte. The tendency for changes in τ is 
illustrated in the Bode plot (Figure 3.42, low frequency region), since τ is inversely related to the 
maximum frequency.134, 144 The electron lifetime is in agreement with the transport time τt, which 
must be lower than τ in order to ensure that there is effective transport of electrons through the 
TiO2.
147 The diffusion length Ld is another crucial parameter for the efficient electron transport in 
the semiconductor and should be longer than the active layer thickness.177 For all electrolytes Ld 
is longer than the TiO2 layer thickness (≈ 12 µm) and follows the τ trend for all electrolytes.  
A similar tendency for τ is observed for the chemical capacitance Cµ and recombination resistance 
Rrec. These trends are expected, because τ is directly related to these parameters.
134 The increase 
of Rrec from 1,3-dimethylimidazolium iodide to 1-hexyl-3-methylimidazolium iodide is observed 
in both the Bode and Nyquist plots (Figures 3.42 and 3.43). The deviation in recombination 
resistance for other ILs is not critical and does not have a significant impact on PCE as it can be 
seen in Table 3.27. 
 





Figure 3.43. Nyquist plot of the most representative cells from each DSCs set with 0.10 M I2 with the expansion of high 
frequency region. 
Chemical capacitance Cµ values are comparable for all DSCs, except for the three sets which 
contain EMII, HMII and PDMII. EMII and PDMII have remarkably high JSC values 
(~ 3.50 mA cm–2), while all three sets have rather low open-circuit voltage values (146-201 mV). 
Overall, this results in insufficient photoconversion. Interestingly, these cells have minimal values 
of transport resistance Rt. For the other electrolytes, Rt is in the range 22-27 Ω except for BDMII, 
which has an average value of 9 Ω. 
A higher iodine concentration of 0.10 M in the electrolyte resulted in a different impedance 
response compared to those with 0.05 M I2 (Tables 3.28 and 3.29). While RPt and CPt stay constant, 
the diffusion resistance shows significant differences for all ILs. The values of Rd increased for all 
electrolytes, except for EMII and HMII, which had no considerable changes, and DMII IL, whose 
value decreased. The reduction of Rrec brought a beneficial impact to JSC. For the EMIIa electrolyte, 
a spectacular increase in chemical capacitance as well as a decrease in Rtr are responsible for the 
higher JSC. Unfortunately, typically the beneficial changes in Cµ result in a decrease in VOC and 
the EMIIa set was not an exception. In the case of PMII and BMII ILs, changes in I2 concentration 
resulted in increased values of the recombination resistance and thus lower JSC. For the BMIIo 
electrolyte, a slight increase in ff is observed. However, the rise in chemical capacitance for HMIIa 
is followed by an increase in recombination resistance compared to HMII electrolyte. The values 





Table 3.29. EIS parameters for electrolytes with 0.05 M I2 from Table 3.20 are shown for convenience. 
Electrolyte Rrec / 
Ω 
Cµ / µF Rtr / 
Ω 












DMIIaverage 313 508 16 164 7 67 43 12 5 7 
EMIIaverage 315 468 16 148 8 55 36 12 7 5 
PMIIcaverage 136 323 18 44 5 36 10 13 9 6 
BMIIcaverage 152 358 12 55 4 46 10 14 9 5 
HMIIaverage 169 311 40 53 12 26 18 13 11 5 
 
Overall, the increase in iodine concentration led to significant changes not only in J-V plot for all 
ILs, but also in impedance. The most beneficial changes were observed for DMII IL. Interesting 
trends were seen for EMII, HMII and PDMII ILs with radical increase in chemical capacitance 
values. Moreover, it was noticed that the structure of IL had an impact on the electrolyte/counter 
electrode interface, what results in different trends in RPt. 
 
3.4.4 Further iodine concentration study for electrolytes with DMII, EMII and PDMII ionic liquids 
 
For a deeper understanding of the iodine concentration impact in the electrolyte, three ILs were 
chosen for more detailed study: DMII, EMII and PDMII. The electrolytes can be separated into 
three families, each based on DMII, EMII or PDMII IL. In each family three DSC sets were 
measured – without iodine, with 0.02 M I2, or with 0.20 M I2. The remaining electrolyte 
composition was the same for all electrolytes (for complete electrolyte compositions see Table 
3.30). 
Table 3.30. Electrolyte compositions with various iodine concentrations and DMII, EMII or PDMII IL. MPN was used as a solvent. 
Electrolyte [Im]+[I]- / M LiI / M I2 / M 
DMIIb DMII / 0.60 0.18 – 
DMIIc DMII / 0.60 0.18 0.02 
DMIId DMII / 0.60 0.18 0.20 
EMIIb EMII / 0.60 0.18 – 
EMIIc EMII / 0.60 0.18 0.02 
EMIId EMII / 0.60 0.18 0.20 




PDMIIg PDMII / 0.60 0.18 0.02 
PDMIIh PDMII / 0.60 0.18 0.20 
 
Multiple DSCs were built for each electrolyte set and their photovoltaic parameters are presented 
in Table 3.31. The ruthenium(II) dye N719 was used as a reference. Entries 1, 2 and 3 correspond 
to electrolytes with DMII IL, entries 4, 5 and 6 to EMII and entries 7, 8 and 9 to PDMII IL. For 
each set average values were determined and will be described in the following discussion.  
Table 3.31. Parameters and average values for multiple DSCs with various electrolytes. All DSCs were fully masked. 
Entry Electrolyte  JSC / mA cm–2 VOC / mV ff / % η / % Rel. η / % 1 
1 
DMIIb cell 1 3.02 316 50 0.48 7.5 
DMIIb cell 2 3.28 294 52 0.50 7.7 
DMIIb cell 3 3.06 285 52 0.46 7.1 
DMIIb cell 4 3.15 294 50 0.47 7.3 
2 
DMIIc cell 1 3.14 296 56 0.52 8.1 
DMIIc cell 2 3.25 298 55 0.53 8.3 
DMIIc cell 3 3.06 305 55 0.51 8.0 
DMIIc cell 4 3.23 300 55 0.53 8.3 
3 
DMIId cell 1 2.51 291 63 0.46 7.2 
DMIId cell 2 2.91 261 58 0.44 6.9 
DMIId cell 3 2.84 282 60 0.48 7.5 
DMIId cell 4 2.78 279 61 0.47 7.3 
4 
EMIIb cell 1 3.42 281 51 0.49 7.7 
EMIIb cell 2 3.22 294 52 0.49 7.7 
EMIIb cell 3 3.24 282 50 0.45 7.1 
EMIIb cell 4 3.42 286 48 0.47 7.3 
5 
EMIIc cell 1 3.18 293 56 0.52 8.1 
EMIIc cell 2 3.18 298 56 0.53 8.3 
EMIIc cell 3 3.22 286 56 0.51 8.0 
EMIIc cell 4 2.83 283 57 0.45 7.1 
6 
EMIId cell 1 2.32 274 64 0.40 6.3 
EMIId cell 2 2.41 272 63 0.42 6.5 
EMIId cell 3 2.78 276 64 0.49 7.7 





PDMIIf cell 1 3.57 326 46 0.53 8.3 
PDMIIf cell 2 3.48 311 40 0.43 6.7 
PDMIIf cell 3 3.63 316 45 0.52 8.0 
PDMIIf cell 4 3.56 314 43 0.48 7.5 
8 
PDMIIg cell 1 3.25 276 59 0.53 8.3 
PDMIIg cell 2 3.12 290 58 0.52 8.1 
PDMIIg cell 3 3.20 275 60 0.52 8.2 
PDMIIg cell 4 3.31 267 57 0.51 7.9 
9 
PDMIIh cell 1 2.61 282 65 0.48 7.4 
PDMIIh cell 2 2.62 271 64 0.46 7.1 
PDMIIh cell 3 2.63 266 64 0.45 7.0 
PDMIIh cell 4 2.48 295 65 0.47 7.4 
̶ DMIIbaverage 3.13 297 51 0.47 7.4 
̶ DMIIcaverage 3.17 300 55 0.52 8.2 
̶ DMIIdaverage 2.76 278 60 0.46 7.2 
̶ EMIIbaverage 3.32 286 50 0.48 7.4 
̶ EMIIcaverage 3.10 290 56 0.50 7.9 
̶ EMIIdaverage 2.56 272 64 0.45 7.0 
̶ PDMIIfaverage 3.56 317 43 0.49 7.7 
̶ PDMIIgaverage 3.22 277 58 0.52 8.1 
̶ PDMIIhaverage 2.59 278 64 0.46 7.2 
1 Relative to N719 efficiency of 6.41% (duplicate cells performed the same) set as 100%. 
 
For all ILs, an identical trend in ff can be observed on going from electrolytes with no iodine to 
0.02 M and to 0.20 M I2. For electrolytes without iodine, the lowest fill factor values were 
measured. Higher iodine concentration led to an increase in ff values. The most significant changes 
occurred in PDMII systems, where the values changed from 43% for PDMIIf electrolyte (no I2) to 
58% for PDMIIg (0.02 M I2) followed by the further increase to 65% for PDMIIh (0.20 M I2). 
Interestingly, the same fill factor value as for PDMIIf is observed for PDMIIe electrolyte with 
0.10 M I2 in it (Figure 3.44, PDMII).  
A similar trend as for PDMII is found for EMII IL. The ff values increase in the following order: 
0.00 → 0.02 → 0.05 → 0.20 M I2 with on outlier concentration of 0.10 M (Figure 3.44, EMII). 




The lowest variance in ff is observed for DMII IL (Figure 3.44, DMII) and follows the discussed 
trend for all iodine concentrations with one exception. The average fill factor value of 62% is 
observed for DMII electrolyte with 0.05 M I2, which is slightly higher than 60% for 0.20 M I2 
(Table 3.31, DMIIdaverage). The lowest ff values correspond to DMIIb electrolyte without iodine. 
 
Figure 3.44. The changes in average fill factor values for DSCs with different ILs in electrolytes. 
For DMII IL, the values of JSC and VOC had almost no changes looking at values from electrolyte 
DMIIb to DMIIc. However, with 0.20 M iodine concentration the decrease is observed in both 
short-circuit current density and potential. Due to the increase in fill factor for DMIId, the 
photoconversion efficiency is 0.46% (7.2% relative to N719 set as 100%) and is similar to DMIIb. 
The highest photoconversion efficiency for cells with the electrolyte with DMII is observed for 
DMIIa with 0.10 M I2, and this is a result of these DSCs having the greatest JSC values for this set 
(Figure 3.45, DMII). 
For EMII IL, no significant changes in potential were observed on going from EMIIb to EMIIc 
electrolyte. The ten times higher iodine concentration resulted in a lower VOC value for EMIId 
compared to EMIIc. The JSC values for EMII electrolytes are inversely related to the fill factor 
trend and decrease with higher iodine concentration (Table 3.31). Overall, the fall in short-circuit 
current density and potential result in a decrease of PCE on going from 0.02 to 0.20 M I2 (7.0% 
for EMIId compared to 7.9% for EMIIc, respectively, relative to N719 set as 100%, entries 5 
and 6). The highest relative efficiency is observed for the DSCs with the EMII electrolyte with 





Figure 3.45. The changes in JSC, VOC and relative η average values for DSCs with different ILs in electrolytes. 
For PDMII, IL changes in JSC and ff follow the EMII trend for PDMIIg, PDMIIg and PDMIIh 
electrolytes. The trend in J-V curves is illustrated in Figure 3.46. Remarkably, high short-circuit 
current density and open circuit voltage for PDMIIf are offset by low fill factor and lead as a 
consequence to comparable PCE values to PDMIIg and PDMIIh electrolytes. The greatest 
efficiency difference is observed for 0.05 and 0.10 M I2 in PDMII based electrolytes with 0.65 






Figure 3.46. J-V curves for multiple DSCs with electrolytes PDMIIf (no I2), PDMIIg (0.02 M I2) and PDMIIh (0.20 M I2). 
 
3.4.5 EQE measurements of DSCs with 0.02 M, 0.20 M and no iodine in electrolytes 
 
An EQE measurement offers a better understanding of photocurrent limitations in a solar cell 
device (First Chapter, section 3.2). For our solar cells, the EQE curves were measured between 
350-740 nm, which is the typical working range for DSCs.137 The results of these measurements 
are presented in Table 3.32. Multiple DSCs were measured for each set and average values for 
EQEmax were determined. Only average values will be used in the following discussion. It is 
important to note, that EQEmax will be considered in the visible region from  > 430 nm, since in 
the low wavelength region of visible light the absorbance of triiodide affects to the EQE values.178, 
179 Due to the low photon flux in the triiodide range this EQE region has low reproducibility for 
all DSCs and is not taken into the count.  
Table 3.32. The results of EQE measurements. 
Electrolyte EQEmax / % EQEmax 
average / % 
Wavelength 
range 1 / nm 
cell 1 cell 2 cell 3 cell 4 
DMIIb 19 21 18 23 20 450-490 
DMIIc 24 32 20 23 25 460-480 
DMIId 17 20 23 22 21 480-510 
EMIIb 30 – 2 26 23 27 450-470 




EMIId 18 15 20 20 18 470-500 
PDMIIf 31 – 2 25 24 27 450-470 
PDMIIg 20 20 20 21 20 480-510 
PDMIIh 20 20 23 19 20 490-500 
1 The range of λmax for multiple DSCs. 2 Although the cells performed well, good EQE spectra could not be obtained. 
 
All DSCs had their EQEmax values in the range of 450-510 nm. DMII IL DSCs without iodine in 
the electrolyte show the same EQEmaxaverage as the DMIId set with 0.20 M I2 (20 and 21%, 
respectively, Table 3.32). The highest EQEmaxaverage value of 25% for DMII IL is observed for 
DMIIb with 0.02 M I2. For EMII IL the trend is more obvious and EQEmaxaverage decreases from 
no iodine in the electrolyte to a concentration of 0.20 M. The greatest step is observed from EMIIb 
to EMIIc electrolyte changing from 27 to 20%, respectively. EMIId follows the trend and has 18% 
EQEmaxaverage. This can be seen in Figure 3.47.  
 
Figure 3.47. EQE curves of most representative DSCs from each set with EMIIb, EMIIc and EMIId electrolytes. 
For PDMII IL the highest EQEmaxaverage is observed like for EMII IL for electrolyte without 
iodine (Table 3.32, PDMIIf). It is also in agreement with JSC. For PDMIIg and PDMIIh the same 
EQEmaxaverage of 20% is observed. Interestingly, JSC values for PDMIIh are significantly lower than 
for PDMIIg (Table 3.31, entries 9 and 8). This can be an indication for the differences in electron 
transport and collection for these two systems.  
The variation in parameters and EQE spectra for different DSC sets can be attributed to several 





3.4.6 EIS measurements of DSCs with 0.02 M, 0.20 M and no iodine in electrolytes 
 
EIS measurements were conducted for DSCs with three electrolyte families, based on DMII, EMII 
or PDMII IL containing 0.00, 0.02 or 0.20 M I2 (for complete electrolyte compositions see Table 
3.30). The impedance was measured for multiple DSCs for each set, but only average values of 
each parameter will be reviewed in the following discussion (Table 3.33).  
Table 3.33. EIS parameters for DSCs with 0.00, 0.20 and 0.20 M I2 in electrolytes. 





















DMIIb cell 1 304 526 8 160 4 76 88 12 23 7 
DMIIb cell 2 230 608 6 140 4 73 133 12 23 7 
DMIIb cell 3 196 417 6 82 3 66 140 14 25 8 
2 
DMIIc cell 1 286 587 12 168 7 58 18 13 21 5 
DMIIc cell 2 275 724 4 199 3 94 39 12 23 6 
DMIIc cell 3 263 570 3 150 1 123 85 13 18 6 
DMIIc cell 4 252 622 11 157 7 58 16 12 13 6 
3 
DMIId cell 1 146 325 16 47 5 36 27 10 3 8 
DMIId cell 2 147 353 12 52 4 43 21 12 5 5 
DMIId cell 3 150 367 12 55 4 43 24 12 4 5 
DMIId cell 4 152 382 9 58 3 50 26 11 4 5 
4 
EMIIb cell 1 207 605 10 125 6 55 124 12 29 8 
EMIIb cell 2 212 725 7 153 5 68 125 12 27 8 
EMIIb cell 3 165 829 7 137 6 58 163 11 32 8 
EMIIb cell 4 183 628 16 115 10 41 140 13 43 7 
5 
EMIIc cell 1 253 587 8 148 5 68 30 13 11 7 
EMIIc cell 2 243 641 5 156 3 83 31 15 9 6 
EMIIc cell 3 251 654 8 164 5 67 32 13 17 6 
EMIIc cell 4 202 590 6 119 3 73 34 12 10 5 
6 
EMIId cell 1 133 207 52 27 11 19 10 11 2 8 
EMIId cell 2 101 185 65 19 12 15 10 13 3 8 
EMIId cell 3 105 172 63 18 11 15 10 12 2 8 





PDMIIf cell 1 268 1243 10 333 12 64 214 12 34 9 
PDMIIf cell 2 221 1275 13 282 16 50 296 12 57 7 
PDMIIf cell 3 240 1255 10 301 12 60 239 14 37 9 
PDMIIf cell 4 204 1403 11 286 15 52 274 15 47 8 
8 
PDMIIg cell 1 157 314 23 49 7 31 20 11 18 6 
PDMIIg cell 2 172 355 35 61 12 27 23 11 29 7 
PDMIIg cell 3 173 314 22 54 7 33 21 12 13 7 
PDMIIg cell 4 170 377 16 64 6 39 20 11 20 6 
9 
PDMIIh cell 1 121 225 44 27 10 20 9 11 5 6 
PDMIIh cell 2 148 169 82 25 14 16 13 11 5 8 
PDMIIh cell 3 94 184 61 17 11 15 8 12 5 7 
– DMIIbaverage 243 517 7 127 3 72 120 13 24 7 
– DMIIcaverage 269 626 7 168 5 83 40 12 19 6 
– DMIIdaverage 149 357 12 53 4 43 24 11 4 6 
– EMIIbaverage 192 697 10 133 7 55 138 12 33 8 
– EMIIcaverage 237 618 7 147 4 73 32 13 12 6 
– EMIIdaverage 109 189 60 21 11 16 10 12 3 8 
– PDMIIfaverage 233 1294 11 300 14 57 256 13 44 8 
– PDMIIgaverage 168 340 24 57 8 32 21 11 20 6 
– PDMIIhaverage 121 193 62 23 12 17 10 11 5 7 
 
Before starting the evaluation, it is important to note that the series resistance stays constant for all 
DSCs as well as the capacitance attributed to the platinum counter electrode. At the same time, a 
similar tendency is observed for all ILs for the charge transfer resistance at the platinum counter 
electrode and charge diffusion resistance in the electrolyte. Independent of the structure of the IL, 
the DSCs without iodine have the greatest RPt and Rd values. With an addition of 0.02 M I2, a 
decrease is observed for both parameters. Further increase of iodine concentration to 0.20 M is 
followed by a drop in RPt and Rd values. The trend in resistance at the counter electrode is inversely 
proportional to the trend in the fill factor. The lowest values of ff correspond to electrolytes without 
iodine. The RPt changes can be illustrated with the help of a Bode plot (Figure 3.48, right peak, a 
– electrolytes with DMII IL, b – with EMII IL, c – with PDMII; the yellow colour corresponds to 
electrolytes without iodine, blue – to electrolytes with 0.02 M and purple – to 0.20 M iodine 
concentration). The shift of the right peak from lower to higher frequencies going from 0.00 to 
0.20 M I2 is credited to a decrease in the charge transfer time 




with all three ILs. The structure of the IL influences the EIS response for DSCs as well. Thus, an 
electrolyte with no iodine and shorter alkyl chain (DMII) has a lower Rd, than electrolyte EMIIb 
(120 and 138 Ω, respectively, Table 3.33). PDMIIf has the average value of 256 Ω, which is two 
times higher than that for EMIIb. On the other hand, PDMIIh and EMIId with 0.20 M I2 show 
lower Rd values of 10 Ω compared to DMIId (24 Ω, Table 3.33). 
The diffusion length Ld was also affected by changes in the electrolyte compositions. In the case 
of the DMII family, electrolytes without iodine and with 0.02 M I2 have a higher Ld, at least by a 
factor of 6, than the active layer thickness d (Ld is for DMIIc slightly longer than for DMIIb). For 
DMIId, a significant decrease was observed, but still, the diffusion length is 3.5 times longer than 
the thickness of the TiO2 layer. In case of EMII IL, the highest diffusion length of 73 µm is 
observed for 0.02 M I2 and 55 µm is observed for the electrolyte without iodine. High 
concentrations of iodine resulted in a short Ldaverage of 17 µm, which is comparable to the 
semiconductor thickness (d ≈ 12 µm). For the PDMII family, the trend in Ld is linear in the order 
PDMIIg – PDMIIg – PDMIIh and for the highest I2 concentration the shortest diffusion length is 
observed. Similar average values as for EMIIb and PDMIIf were detected (≈ 56 µm) as well as for 







Figure 3.48. EIS Bode plots for DSCs with three electrolyte families; (a) electrolytes with DMII IL; (b) electrolytes with EMII IL; 
(c) electrolytes with PDMII IL; yellow colour corresponds to electrolytes without iodine, blue – to electrolytes with 0.02 M and 
purple – to 0.20 M. 
However, when Ld becomes shorter than the active layer thickness, the so-called Gerischer 
impedance (ZG) overtakes the diffusion-recombination impedance model.
177 Typically, when a 
large recombination rate is observed, the diffusion-recombination impedance needs to be changed 
to the Gerischer impedance.146 In this case, the transport resistance Rtr becomes significantly larger 
than the recombination resistance Rrec and the recombination time is shorter than the diffusion time 
through the active layer.146, 181 Practically, Rrec, Rtr and Cµ parameters cannot be extracted in the 
presence of ZG (Ld << d), and Ld of ≈ 0.5d is the limit to obtain them. Thus, the diffusion-




values of Ld and d for EMIId and PDMIIh electrolytes. At the same time, the experimental curve 
shapes for EMIId and PDMIIh also change in the ZG direction (Figure 3.49, Figure 3.48b, c). The 
effect is particularly seen for the EMIId electrolyte (Figure 3.48b, EMIId). 
 
Figure 3.49. The Nyquist plot with high frequency region expansion of the of DSCs with DMIId, EMIId and PDMIIh electrolytes 
to demonstrate the change in spectra profile depending on IL structure. 
 
For all DSC sets, the electron lifetime significantly decreased from electrolyte with no I2 to 0.20 M 
I2. This trend can be noticed in the Bode plot due to the shift of left peaks to higher frequencies 
(Figure 3.48a, b, c) and particularly seen for PDMII IL (Figure 3.48c). Nevertheless, τ is 
considerably larger than τt for all electrolytes. The transport resistance increases for all electrolyte 
families on going from 0.00 to 0.20 M I2. Interestingly, the lowest Rtr for 0.20 M I2 is observed for 
DMII IL (≈ 12 Ω, Table 3.33, entry 3) indicating an efficient transport compared to EMIId and 
PDMIIh (≈ 60 Ω, Table 3.33, entries 6 and 9, respectively). 
The lowest values of chemical capacitance as well as recombination resistance are observed for 
0.20 M I2 for all electrolytes (Table 3.33). Remarkably, Cµ for PDMIIf supports high values of JSC 
and EQEmax. The dramatic fall in Cµ on going to PDMIIg (0.02 M I2) has a response in lower JSC 
and EQEmax for this electrolyte. The further decrease in capacitance results in JSC changes but does 
not affect the EQE performance. The recombination resistance follows the Cµ trend and supports 
the observed short-circuit density changes. From EMIIb to EMIIc the fluctuation in Cµ is not 
substantial, but in combination with an increase in Rrec results to lower JSC and EQEmax values. For 
EMIId, Rrec and Cµ both decrease and lead to a consistent drop in JSC and EQEmax. In the case of 
the DMII set, the small rise in Rrec can be seen in combination with ≈ 110 µF increase in Cµ from 




iodine in the electrolyte. For 0.20 M I2, a drop in both Rrec and Cµ is observed and followed by 
lowering of JSC and EQEmax values (Tables 3.31 and 3.32).  
In total, iodine concentration significantly influences most of the electronic processes in DSC for 
all ILs. The main trends were observed for resistance in the electrolyte, counter electrode 
resistance, transport resistance and electron diffusion length in semiconductor.  
 
3.4.7 Summary: Electrolytes with different iodine concentration 
 
The concentration of iodine has an influence on various crucial interfacial processes occurring in 
a DSC. Four iodine concentrations (0.00, 0.02, 0.10 and 0.20 M) were tested in combination with 
different ILs in electrolytes for iron(II)-based DSCs. Short-circuit current density, open circuit 
potential and fill factor were influenced by changes in I2 concentration for all IL used in this study. 
The most dramatic changes were observed for HMII IL. Insufficient HMIIa performance was 
linked to low VOC and fill factor values. The limiting processes correlated to increased electrolyte 
diffusion resistance and charge transfer resistance at the platinum counter electrode. Interestingly, 
the IL with shortest alkyl-chains like DMII and EMII got an increase in JSC on going from 0.05 to 
0.10 M I2 compared to IL with longer side chains.  
In the example of DMII, EMII and PDMII ILs, it was shown that lower concentrations of iodine 
reduced the transport resistance in the semiconductor in the photoanode. At the same time, higher 
I2 concentrations led to a decrease in diffusion resistance in electrolyte as well as in platinum 
counter electrode resistance. The electron lifetime and diffusion length were also affected by 
iodine concentration and decreased on going from 0.00 to 0.20 M I2. The EQE measurements had 
shown the highest values for DSCs without iodine in electrolyte for all ILs. Similar trend is 
observed in JSC for DMII, EMII and PDMII ILs. Considering all aspects, in this study DMII was 








During this study, the optimization of iron(II)-sensitized DSCs was conducted. First investigations 
had started with [Fe(III-5)(Phtpy)]2+ complexes as sensitizers. Two principal strategies were used 
for dye assembly on the semiconductor surface – SALSAC and stepwise approaches. It was shown 
that the choice of dye assembling strategy led to differences in the performance. Significant 
variations were not observed in case of VOC, but twice higher values for JSC were obtained with 
the SALSAC strategy compared to the stepwise one. Interestingly, lower absorbance in ssUV-Vis 
was observed for the SALSAC approach. Moreover, it was shown that the electrolyte composition 
is of key importance. The first built devices had shown no performance with the electrolyte 
Stnd II PF (0.10 M LiI, 0.05 M I2, 0.60 M 1-butyl-3-methylimidazolium hexafluorophosphate and 
0.50 M 1-methylbenzimidazole in 3-methoxypropionitrile). The change from 0.05 to 0.10 M I2 
played a crucial role and a PCE of 0.05% was detected with JSC of 0.14 mA cm
–2 and VOC of 
445 mV. Compared to well-performing Ru-based sensitizers, the performance is dramatically 
lower, but to our knowledge it was the first performing DSC based on a [Fe(III-5)(Phtpy)]2+ 
complex. However, further investigations on electrolyte composition and push-pull design did not 
lead to enhancement of performance. 
The continuation of electrolyte studies was done with an iron(II) NHC complex as a sensitizer and 
chenodeoxycholic acid as a co-adsorbent. Iodide/triiodide was used as a redox shuttle. Changes in 
the electrolyte as well as solvent (from MeCN to MPN) were beneficial for the PCE of these 
devices. The four ionic liquids (BMII, PDMII, BMIPF, EMIMPF) were investigated and the DSCs 
wit PDMII IL in the electrolyte exhibited the best performance within the set (PCE of 0.57%, 9.3% 
relative to N719). Moreover, the influence of MBI and TBP additives in the electrolyte was 
studied. DSCs with PDMII-based electrolytes with MBI and TBP at different concentrations (0.50, 
0.10, 0.05 M for TBP and 0.50, 0.10, 0.05, 0.01 M for MBI) were measured. DSCs with TBP had 
slightly higher PCE at 0.5 M concentration compared to the same concentration of MBI. This 
could be explained with higher open circuit voltage values as JSC was not affected by changing 
TBP to MBI. No significant differences were observed between TBP and MBI at other 
concentrations. Electrolytes without additives were tested and, despite the decrease in VOC, higher 
PCE values were observed for all ILs except EMIMPF. The best performing electrolyte 
compositions were E2c and E2b with 0.01 M of MBI and without MBI, respectively. At this point, 
the highest PCE for the iron(II) NHC complex was achieved, as the previously published 




Further investigations were conducted on the electrolyte composition. Various concentrations of 
Li+ salts (LiI and LiPF6) were tested in the presence of PMII, BMII and PDMII ILs. An increase 
in the Li+ ion concentration had a positive effect on the PCE for all ILs. However, the counterion 
for the Li+-salt affected both JSC and VOC indicating not only the interaction with CB, but also 
influencing the energy of the redox couple. These findings were confirmed with EQE and EIS 
measurements. Furthermore, the concentration of IL was studied. It was also shown that too high 
or too low concentrations of IL negatively affected the PCE. Based on these results, 0.18 M LiI 
was considered as the optimal additive in combination with 0.60 M IL and was used for the 
following investigations. 
The structure of IL plays a crucial role in the electrolyte composition. Six ILs (DMII, EMII, PMII, 
BMII, HMII and DodMII) were tested at a constant concentration of 0.60 M. It was shown that an 
increase in the alkyl chain length of the imidazolium ILs positively influenced the DSC 
performance. The optimal side chain was n-butyl as the further increase to n-hexyl resulted in 
similar PCE as for BMII. Electrolyte with 1-dodecyl-3-methylimidazolium iodide had lower PCE 
compared to HMII due to decreased JSC values. This conclusion was confirmed in the EQE spectra 
and EIS measurements. HMII and DodMII had the highest values of transport resistance in this 
investigation. The presence of an additional methyl group in the 2-position for PMII and BMII ILs 
resulted in higher PCE for PDMII (0.59% for PMII and 0.66% for PDMII) and similar PCE of 
≈0.61% in case of BDMII. In the case of HMII, changes in the structure led to a lower average 
performance of 0.53% compared to 0.61%. These experiments have shown that an additional 
methyl group is not beneficial for imidazolium ILs with longer side chains starting from n-butyl. 
The further alterations were done with counterions of imidazolium ILs. A change in the counterion 
resulted in high VOC values for BDMICFSO and PMINCFSO electrolytes, while [BF4]
– containing 
ILs are not advantageous despite significantly high JSC values (4.09 mA cm
–2 for BDMIBF). The 
overall best performances were achieved for [PDMI]+ IL with I– counterion. The combination of 
ILs with different counterions did not improve the DSC photovoltaic performance.  
As it was shown on the example of the [Fe(III-5)(Phtpy)]2+ complex, the iodine concentration had 
an essential contribution to the PCE of solar devices. In this study, four iodine concentrations 
(0.00, 0.02, 0.10 and 0.20 M) were tested in combination with different ILs in electrolytes. All 
parameters like short-circuit current density, open circuit potential and fill factor were influenced 
by changes in the iodine concentration independently from the IL structure. According to EQEmax 
and JSC values, the highest photocurrent was achieved for DSCs without or with the lowest iodine 




values with 0.10 M I2. The most dramatic changes were observed for HMII IL. Insufficient HMIIa 
performance was attributed to low VOC and fill factor values. An increased electrolyte diffusion 
resistance and charge transfer resistance at the platinum counter electrode were observed with 
0.10 M I2. Lower concentrations of iodine reduced the transport resistance in the semiconductor 
of the photoanode for DMII, EMII and PDMII ILs. The decrease in diffusion resistance in the 
electrolyte and in the platinum counter electrode resistance was observed at higher I2 
concentrations. The electron lifetime and diffusion length decreased from 0.00 to 0.20 M I2.  
In conclusion, our findings revealed an electrolyte with 0.18 M LiI, 0.05 M I2, 0.60 M PDMII in 
MPN as the best performing one with a PCE of 0.66% for an iron(II) NHC sensitizer. However, 
several other electrolytes (e.g., with DMII, PMII or BMII ILs) had comparable performances and 
























An alternative dye structure (IV-1), which could increase the sigma-donation to the metal centre, 
is presented in Figure 4.1. It differs from dye I-4, which has been discussed in Third Chapter, 
solely in the imidazolium moiety. Due to the saturated backbone structure of the imidazolium 
moiety, the ligand´s donative abilities should be increased without negatively influencing other 
parts of the molecule. 
 
Figure 4.1. Structures of proposed dye IV-1 and dye I-4. 
The proposed synthetic route is shown in Scheme 4.1 and was designed on the previously 
published synthesis of I-4.83 As a first step, 2,6-dibromoisonicotinic acid IV-2 was synthesised 
from 2,6-dibromopyridine via magnesiation and following quenching using dry ice. Then, it was 
planned to introduce 1-methyl-4,5-dihydroimidazole (IV-3), which was synthesised in advance 
from N-methylethanediamine and N,N-dimethylformamide dimethyl acetal, to the pyridine ring 
via a bis-substitution reaction. Finally, the obtained ligand would be complexed with iron(II) 





Scheme 4.1. Synthetic route to obtain target complex IV-1. Solid arrows show reactions with isolated compounds, dashed arrows 




First, 2,6-dibromopyridine was metalated using the non-nucleophilic amide base TMPMgCl·LiCl 
(TMP = 2,2,6,6-tetramethylpiperidinyl). The following quenching with dry ice afforded 
2,6-dibromoisonicotinic acid IV-2 (Scheme 4.2). 
 
Scheme 4.2. Synthesis of 2,6-dibromoisonicotinic acid (IV-2). 
The reaction was based on the previously published functionalization of 2,6-dibromopyridine via 
magnesiation with TMPMgCl·LiCl base and subsequent quenching with iodine as an 
electrophile.182 The main challenge of the reaction appeared to be the upscaling. A 2.00 mmol 
reaction scale resulted in the similar yield as 1.00 mmol, 48% and 50%, respectively (Table 4.1, 
entries 1 and 2). The further upscaling to 5.00 mmol led to lower yield of 33% (entry 3). It was 
observed that longer metalation times led to higher conversion of starting material and 
consequently to better yields. Quenching of the reaction with dry ice after 1 h of metalation resulted 
in 33% yield (5.00 mmol scale, Table 4.1, entry 3) and after 3 h in 67% (4.00 mmol scale, entry 4). 
Thus, 4.00 mmol scale and 3 h of metalation time were considered as suitable conditions for 




Table 4.1. Overview on the 2,6-dibromoisonicotinic acid synthesis. 
Entry Metalation time Scale Yield 
1 1 h 1.00 mmol 48% 
2 1 h 2.00 mmol 50% 
3 1 h 5.00 mmol 33% 
4 3 h 4.00 mmol 67% 
 
 
Scheme 4.3. Synthesis of 1-methyl-4,5-dihydroimidazole (IV-3).  
1-Methyl-4,5-dihydroimidazole (IV-3), the second reactant used in the subsequent coupling 
reaction, was prepared from N-methylethanediamine and N,N-dimethylformamide dimethyl acetal 
neat at 110°C for 4 h (Scheme 4.3). It was observed that the increase of acetal equivalents from 
1.00 to 1.10 resulted in an increased yield from 27 % to 35 % (Table 4.2). 
Table 4.2. Influence of N,N-dimethylformamide dimethyl acetal equivalents on the condensation yield. 
Entry N,N-Dimethylformamide dimethyl 
acetal equivalents 
Yield 
1 1.00 27% 
2 1.10 35% 
 
As a next step, the substitution reaction of 2,6-dibromoisonicotinic acid (IV-2) and 1-methyl-4,5-
dihydroimidazole (IV-3) was explored according to the analogous approach for ligand III-13 but 
with 1-methylimidazole under neat conditions at 150°C (Scheme 4.4). The reaction between IV-2 
and 1-methylimidazole was previously published 83 and used for the I-4 synthesis (Third Chapter, 
section 3, Scheme 3.5). 
 





However, the neat substitution reaction did not lead to the desired transformation and resulted in 
a black sticky solid, which stuck to the bottom of the flask. From this, only starting material could 
be isolated. To avoid formation of the black solid and to improve reactivity, it was decided to carry 
the reaction out with solvent present. DMF was chosen because it can solubilise the IV-2 starting 
material. Trying to overcome the challenges by using DMF as well as increasing the reaction time 
(from 4 h to 72 h) did not improve the outcome either and the target compound was not obtained 
(only starting material was recovered).  
The direct substitution was not further investigated at this stage anymore and it was decided to 
evaluate transition metal catalysed cross-coupling between 2,6-dibromopyridine and 1-methyl-
4,5-dihydroimidazole (IV-3) as an alternative pathway (Scheme 4.5).  
 
Scheme 4.5. Transition metal catalyzed cross-coupling of 2,6-dibromopyridine and IV-3 as alternative synthetic pathway. 
One of the most common ways to form a C-N bond is Buchwald-Hartwig amination.183 It is 
important to note that generation of quaternary ammonium cations via cross-coupling is not trivial. 
Mainly, these types of moiety are generated via substitution or ring-formation reactions.184-188 
Thus, the primary goal at this stage was to successfully synthesise and identify the target 
compound and not to optimise the reaction. Due to the moderate yield of the 
2,6-dibromoisonicotinic acid (IV-2) preparation and the limited scalability of its synthesis 
(4.00 mmol, Table 4.1), commercially available 2,6-dibromopyridine was chosen as model 
substrate (due to the structural similarity) before using the acid IV-2 as an actual target reactant. 
Monitoring of reactions was primarily done by 1H NMR spectroscopy and/or ESI-MS. Therefore, 
results could not be quantified in terms of conversion percentage. Instead, reaction mixtures were 
analysed based on the presence of the target compound. As a starting point, a commonly used 
catalyst system for Buchwald-Hartwig cross-coupling was chosen.183 
 





Table 4.3. The baseline conditions were 2,6-dibromopyridine (1.00 equiv), 1-methyl-4,5-dihydroimidazole (IV-3, 2.10 equiv), 
Pd(dba)2, rac-BINAP in 1,4-dioxane heated under inert conditions at 100°C for 72 h; the scale of reactions was not acceding 0.50 
mmol if not stated different. 





1 10% / 20% 72 h - Starting material, IV-5 and IV-5.1 
products are present. 
2 10% / 20% 168 h - Starting material, IV-5 and IV-5.1 
products are present. 
3 - 168 h - No conversion, only starting 
material is observed. 
4 20% / 40% 72 h - Starting material, IV-5 and IV-5.1 
products are present. New species 
with carbene centre are observed. 
5 40% / 80% 72 h - IV-5 and IV-5.1 products are 
present. 
6 20% / 40% 3 h 120°C, MW Starting material, IV-5 and IV-5.1 
products are present. 
7 20% / 40% 72 h The scale was 
increased from 0.50 
to 1.00 mmol. 
No target compound IV-5 was 
observed, mono-coupled product 
IV-5.1 and hydrolysed mono-
coupled product IV-5.2 are present. 
8 20% / 40% 72 h IV-5.1 was used as 
a starting material, 
1.10 eqiuv of IV-3. 
IV-5 and IV-5.1 products are 
present. 
9 20% / 40% 72 h 1.00 eqiuv of IV-3. IV-5 and IV-5.1 products are 
present. 
10 20% / 40% 120 h 8.40 eqiuv of IV-3. IV-5 is observed, no presence of 
IV-5.1. 
11 10% / 20% 120 h Premix of catalyst, 
8.40 eqiuv of IV-3. 
IV-5 is observed, no presence of 
IV-5.1. 
12 5% / 10% 120 h Premix of catalyst, 
8.40 eqiuv of IV-3. 
No target compound IV-5 was 
observed. 





The initial reaction (Table 4.3, entry 1) between 2,6-dibromopyridine and IV-3 led to a mixture of 
mono- and bis-coupled products (IV-5.1 and IV-5, respectively, Scheme 4.6). The products were 
detected by ESI-MS in the crude mixture (Figure 4.2). At the same time, only starting material 
was mainly present in the 1H NMR spectrum and no IV-5 was observed in spectrum. It indicated 
that despite formation of target product IV-5, the conversion was not sufficient after 72 h at 100°C. 
After purification by flash chromatography, IV-5 and IV-5.1 were isolated in a 1:1 ratio (as seen 
in the 1H-NMR spectrum, Figure 4.3). 
 
Figure 4.2. Section of ESI-MS spectrum of crude mixture (Table 4.3, entry 1). 
 
 




The initial conditions resulted in numerous by-products and the target molecule was found as a 
minor compound. The mono- and bis-coupled products were isolated only in a marginal yield. 
Despite a starting scale of 0.42 mmol 2,6-dibromopyridine, just enough material for an NMR 
spectroscopic analysis was isolated. Due to the similar structure of mono- and bis-coupled products 
(Scheme 4.6), it proved to be complicated to separate them by flash chromatography. The most 
promising eluent mixture, which was identified for separation, was MeCN / sat. aq. NH4PF6 (50 : 
1.5; v:v). Even so, an effective separation of mono- and bis-coupled products IV-5.1 and IV-5 was 
not possible. To achieve a further conversion of the mono-coupled intermediate, the reaction time 
was increased from 72 to 168 h (7 days; Table 4.3, entry 2). Despite a longer reaction time, the 
molecular masses of mono-coupled derivative and starting material were still observed in the 
ESI-MS and the mono-coupled species was isolated in a small quantity exclusively in the 
following workup. The 1H NMR spectrum of the product is shown in Figure 4.4. The solution in 
the NMR tube was, unfortunately, of a low concentration despite the fact that the whole isolated 
compound was used for the NMR sample.  
 
Figure 4.4. 1H NMR spectrum of IV-5.1 in DMSO-d6 with the expansion of aromatic region (Table 4.3, entry 2). 
In order to find out if the reaction actually requires the use of a catalyst (generally needed for cross 
couplings) or if the conducted reaction proceeds via a substitution, a test trial was performed under 
the same conditions in the absence of a catalytic system (Table 4.3, entry 3, Scheme 4.7). The 
absence of mono- and bis-coupled product masses in the ESI-MS confirmed that this reaction 






Scheme 4.7. The test reaction between 2,6-dibromopyridine and 1-methyl-4,5-dihydroimidazole IV-3 in the absence of catalytic 
system. 
So far only insufficient conversion to target compound IV-5 had been achieved. Typically, a colour 
change of the reaction mixture from red to yellow was observed after addition of IV-3. This could 
be the result of coordination of 1-methyl-4,5-dihydroimidazole (IV-3) to the [Pd] species, that 
partially quenches further catalytic activity. Incomplete conversion of the starting material 
2,6-dibromopyridine confirmed this suggestion. In order to overcome this issue, the catalytic 
system loading was increased from 10 to 20 mol% for the Pd-source and from 20 to 40 mol% for 
the rac-BINAP ligand, while the other parameters remained unchanged (Table 4.3, entry 4).  
 
Figure 4.5. 1H NMR spectrum of cross-coupling reaction entry 4, Table 4.3 in DMSO-d6. Peaks at 10.66 and 10.63 ppm correspond 
to carbene centres of IV-5 and IV-5.1, respectively. Peaks at 10.61 and 10.58 ppm correspond to new generated species.  
As can be seen in the 1H NMR spectrum in Figure 4.5, new species were generated besides the 
target compound IV-5 after the load increase of catalytic system. At the same time, starting 
material as well as mono-coupled product IV-5.1 were still observed. Further increase of Pd-source 
from 20 to 40 mol% and of rac-BINAP ligand from 40 to 80 mol% led to full conversion of 
2,6-dibromopyridine, but no peaks corresponding to carbene centres of IV-5, IV-5.1, or the 
debrominated monocoupling product were observed by 1H NMR spectroscopic analysis 
(Table 4.3, entry 5). The ESI-MS spectrum of the crude mixture is presented in Figure 4.6, 






Figure 4.6. Section of ESI-MS spectrum of crude mixture (Table 4.3, entry 5). 
With the aim of further increasing the starting material conversion, microwave irradiation at 
120 °C was applied. The load of [Pd]/ligand catalytic system was 20/40 mol% (Table 4.3, entry 6). 
After 3 h the target compound IV-5 was observed by ESI-MS in the crude mixture with mono-
coupled product IV-5.1 and starting material 2,6-dibromopyridine. Longer reaction times resulted 
in the formation of more side products but did not positively influence the conversion to IV-5. 
Due to the screening character of the study, the scale of reactions was not exceeding 0.50 mmol at 
this point. This aspect made the isolation of IV-5 more challenging since the target compound was 
observed only in traces. To make a potential isolation more practical, the scale of reaction was 
increased to 1.00 mmol (Table 4.3, entry 7). The same conditions were used as for entry 4 
(Pd(dba)2 (20 mol%), rac-BINAP (40 mol%) in 1,4-dioxane heated under inert conditions at 100°C 
for 72 h). Interestingly, no target compound was observed in this case and only mono-coupled 
compound IV-5.1 and its hydrolysed derivative IV-5.2 were found (Scheme 4.8).  
 
Scheme 4.8. Cross-coupling reaction at 1.00 mmol scale. 
It was decided to introduce the obtained product IV-5.1 into a second cross-coupling reaction with 
1-methyl-4,5-dihydroimidazole (IV-3) in order to gain the target product IV-5. Because of the 
similar structures of IV-5.1 and IV-5.2, these compounds could not be effectively separated by 





Figure 4.7. 1H NMR spectrum of IV-5.1 and IV-5.2 in DMSO-d6 with the expansion of aromatic region (Table 4.3, entry 7). 
Since IV-5.2 does not have a halogen functionality, which could be transformed in a cross-
coupling reaction, the mixture of products was used directly for the next step (Scheme 4.9). 
 
Scheme 4.9. Follow-up cross-coupling reaction between IV-5.1 and IV-3. 
The reaction was carried out under the same conditions as the first coupling, but in the presence 
of only 1.10 equiv IV-3 (Table 4.3, entry 8). Despite an incomplete conversion of IV-5.1, the 
product IV-5 was observed in the mixture by ESI-MS. Thus, it was shown that mono-coupled 
compound IV-5.1 can react further after isolation, but due to the low concentration of IV-5 
compared to the additionally formed side-products, the compound was not detected by 1H NMR 
spectroscopic analysis.  
Since a mixture of mono- and bis-coupled products was so far always obtained and no sufficient 
separation of these compounds was perceived, it was decided to perform the synthesis only with 
1.00 equiv IV-3 to isolate first the mono-coupling product IV-5.1 and further react it in a second 
cross-coupling reaction afterwards (Table 4.3, entry 9). Interestingly, both products IV-5.1 and 
IV-5 were formed during the first cross-coupling, despite the use of only 1.00 equiv IV-3. Thus, 




converted. Since mainly by-products were generated in the reaction, IV-5 and IV-5.1 were detected 
only by ESI-MS and could not be observed in the corresponding 1H NMR spectrum. After this 
observation, an excess of 1-methyl-4,5-dihydroimidazole (IV-3) was used (Table 4.3, entry 10). 
The reaction time took 120 h for the full conversion of 2,6-dibromopyridine and to achieve the 
largest possible transformation of IV-5.1 to IV-5 (Figure 4.8). However, the target compound was 
still the minor component and many by-products were generated according to 1H NMR 







Figure 4.8. Section of ESI-MS spectra of crude mixture after 24 h, 48 h and 120 h (Table 4.3, entry 10) to monitor the conversion 
of IV-5.1.  
As already discussed above, higher catalyst loadings tended to lead to the formation of more side-
products. Hence, the amount of palladium salt/ligand was decreased back to 10/20 mol% in the 
presence of 8.40 equiv of 1-methyl-4,5-dihydroimidazole (Table 4.3, entry 11). Despite the 
absence of IV-5.1 in the mixture, the target compound IV-5 was still observed only in traces 
compared to numerous by-products. In order to check if it is possible to reduce side-products by 
the load of palladium complex/ligand, the charged quantity was decreased further to 5/10 mol% 
(Table 4.3, entry 12). The experiment had shown that no IV-5 or IV-5.1 was generated.  
For a deeper understanding of the catalytic process, a test experiment was performed 
(Scheme 4.10). In order to find out if [Pd] interferes with the imidazolium carbene centre, 
2,6-dibromopyridine was heated to 80°C with 2.00 equiv Pd(dba)2 and 4.00 equiv rac-BINAP in 
the absence of dihydroimidazole IV-3 to avoid the reaction of palladium with dihydroimidazole 
before the oxidative insertion step. The stoichiometric load of the catalytic system was used to 
monitor the conversion of 2,6-dibromopyridine. It was observed that after 1.5 h no traces of 
starting material were present, and IV-3 was added. The reaction was stirred at the same 
temperature overnight. Ultimately, no traces of target compound were observed. This could be an 
indication of side-reaction processes that occurred before the addition of IV-3. 
 
Scheme 4.10. The test trial of IV-5 synthesis with premixed catalytic system with 2,6-dibromopyridine. 
At this point of the investigation, reaction conversions were typically incomplete, and IV-5 was 




were conducted. The two additional catalytic systems Pd(OAc)2/BrettPhos and Pd(dppf)Cl2/PPh3 
were tested, which are also common for Buchwald-Hartwig aminations (Table 4.4).183 In the case 
of the Pd(OAc)2/BrettPhos system, no target compound was observed in the reaction mixture after 
48 h at 100°C (Table 4.4 entry 1). The Pd(dppf)Cl2/PPh3 combination resulted under the same 
conditions in mono-coupled product IV-5.1, but no IV-5 was present (Table 4.4, entry 2, 
Figure 4.9).  
Table 4.4. The baseline conditions were 2,6-dibromopyridine (1.00 equiv), 1-methyl-4,5-dihydroimidazole (IV-3, 2.10 equiv), 
[Pd]/ligand in 1,4-dioxane heated under inert conditions at 100°C for 48 h; the scale of reactions was not exceeding 0.50 mmol. 











1,4-Dioxane 100°C, 48 h No traces of target 
product IV-5. 
2  Pd(dppf)Cl2 
/ 10 
PPh3 / 20 1,4-Dioxane 100°C, 48 h Only mono-coupled 




Figure 4.9. ESI-MS spectrum of crude mixture using Pd(dppf)Cl2/PPh3 as catalytic system (Table 4.4, entry 2). 
Due to the limited success of the cross-coupling between 2.6-dibromopyridine and IV-3, it was 






Scheme 4.11. Alternative synthetic route for IV-5. Dashed arrows show transformations without isolated compounds. 
First, monoprotected ethylenediamine (EDA) is introduced to the pyridine ring. Then, the 
deprotection is carried out and amine moiety is formylated. The synthesis will be completed by 
the imidazole ring closure. Starting with the first step, a C-N bond formation is required. It is 
known that secondary amines are more effectively coupled than primary amines due to competitive 
β‐hydride elimination.189 This process results in the formation of a reduced arene, which comes 
from the Ar‐PdII‐H intermediate.189 Nevertheless, several catalytic systems based on Pd(OAc)2 and 
Pd(dba)2 
190-192 were found effective also for primary amines, which became the starting point for 
the following studies. Reaction progress and outcome were monitored by 1H NMR spectroscopy 
and/or ESI-MS analysis. Therefore, results could not be quantified in terms of conversion 
percentage. Instead, reaction mixtures were analysed only for the presence of the target compound. 
Coupling of the two model substrates 2,6-dibromopyridine and the primary amine 
2-ethylhexan-1-amine was first tested in an initial baseline experiment (Scheme 4.12). Based on 
the literature, Pd(dba)2 was kept as a suitable [Pd] source for cross-coupling with primary amine. 
The reaction was conducted with the catalytic system Pd(dba)2/BINAP and Cs2CO3 as base in 
THF. The reaction was performed at 65°C overnight under inert conditions. The target product 
IV-6 was observed in ESI-MS and as one of the major compounds in 1H NMR. This proof-of-
concept experiment with commercially available compounds had shown that the pathway via 
cross-coupling would be possible and results in the formation of the target product. Interestingly, 
conducting the same reaction under microwave irradiation (90°C, 1 h) did not lead to the target 





Scheme 4.12. Proof-of-concept cross-coupling of 2,6-dibromopyridine and primary amine 2-ethylhexan-1-amine. 
The proof-of-concept reaction was carried out successfully and the same conditions were applied 
for the use of N-Boc-ethylenediamine (BocEDA; IV-7), which was identified as a potential 
substrate of the newly designed synthetic route. EDA can form complexes with various metal ions 
including palladium and, thus, monoprotected ethylenediamine was used for the synthesis.193, 194 
BocEDA (IV-7) was synthesised according to a literature procedure from EDA and Boc anhydride 
in 15% yield (Scheme 4.13).195  
 
Scheme 4.13. Synthesis of N-Boc-ethylenediamine (IV-7). 
Then, BocEDA was further converted in the Buchwald-Hartwig amination with 
2,6-dibromopyridine (Scheme 4.14). 
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THF 90°C, 1 h, 
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Toluene 110°C, 1 h, 
MW 











Toluene 100°C, ON Only mono-coupled 
product IV-8.1 is 
present. 
All reactions were carried out under inert conditions, ON – overnight, MW – microwave irradiation; 1 All compounds 
except BocEDA were mixed and stirred for 40 min at rt, then BocEDA was added, and the reaction was heated to 65°C ON. 
 
Cross-coupling of 2,6-dibromopyridine and IV-7 was carried in an initial experiment in the 
presence of Cs2CO3 at 65°C in THF. Under these conditions, the reaction resulted in numerous 
products among which the target compound IV-8 and the mono-coupling product IV-8.1 were 
present (Table 4.5, entry 1). The successful formation of target product could be detected by 1H 
NMR spectroscopy and ESI-MS analysis. Additionally, the mono-coupled product IV-8.1 and 




IV-8.1 could not be separated by standard purification (flash chromatography) because of their 
structural similarities (Figure 4.10).  
 
Figure 4.10. 1H NMR spectrum of IV-8 and IV-8.1 in CDCl3 with the expansion of aromatic region (Table 4.5, entry 1). 
Since the reaction was carried out at 65°C overnight, various side-products could be generated by 
an early coordination of the amine to palladium before the oxidative insertion occurred. This aspect 
could result in numerous side-reactions. To avoid potential formation of such in-situ adducts, the 
reaction was repeated with a different addition sequence of the relevant components (Table 4.5, 
entry 2). All reagents except BocEDA were mixed in THF and stirred for 40 minutes at room 
temperature. Then, the amine was added and the reaction was heated to 65°C and stirred at this 
temperature overnight. Analysis by ESI-MS revealed that IV-8 was present in the crude mixture 
among other side-products. However, it could not be detected via 1H NMR analysis anymore. 
These first trials demonstrated that 2,6-dibromopyridine and BocEDA (IV-7) converted under the 
given conditions to various side-products and less selective to IV-8 when pre-mixing reaction 
components without IV-7. 
After the observations described above, it was decided to minimize the reaction time by using a 
microwave reactor. It was anticipated that it will reduce the amount of by-products and increase 
the conversion to the target compound (Table 4.5 entry 3). Despite full conversion of starting 




spectrum indicating that only traces of compound were present in the mixture. For an 
understanding of solvent-related impacts and the influence of a broader temperature range, the 
reaction was conducted in toluene in combination with an elevated temperature of 110°C 
(Table 4.5, entry 4). After 1 h under microwave conditions, a similar outcome as for the previous 
experiments was observed (full conversion of starting material, but only traces of IV-8). 
Interestingly, the change of base from Cs2CO3 to KO
tBu resulted only in mono-coupled product 
IV-8.1 as well as some side-products, but no IV-8 was observed in the reaction mixture (Table 4.5, 
entry 5). 
The experiments listed in Table 4.5 showed an overall high conversion of 2,6-dibromopyridine 
under the applied conditions, but, since the desired product IV-8 was only found in traces, the 
desired selectivity of the reaction remained as major challenge. A potential explanation for these 
findings is that BocEDA may coordinate to palladium and functions rather as ligand and not as 
reactant. To reduce potential coordination properties, the tert-butoxycarbonyl protecting group 
was replaced by a phthalimide moiety affording amine IV-9. The route of corresponding synthesis 
is presented in Scheme 4.15.  
 
Scheme 4.15. Alternative symthetic path using a phthalimide-protected amine to afford target compound IV-5. Solid arrows show 
reactions with isolated compounds, dashed arrows show transformations without isolated compounds. 
Based on the new synthetic pathway, compound IV-9 could be synthesized according to a literature 
procedure from BocEDA (IV-7) and phthalic anhydride in 53% yield over two steps 





Scheme 4.16. Synthesis of phthalimide-protected EDA (IV-9). 
Afterwards, IV-9 was reacted with the model substrate 2,6-dibromopyridine in a Buchwald-
Hartwig amination to obtain the double substituted product IV-10. In a third step, the protecting 
groups are cleaved with a standard protocol (use of hydrazine) and the free amine IV-11 will be 
proceeded in a cyclization reaction to the target compound IV-5, as already presented in 
Scheme 4.15. In Table 4.6 the experiments to prepare the bis-coupling product IV-10 are 
summarized. The trials were started with the same initial conditions for cross-coupling as for the 
use of BocEDA, but with an increased catalyst load (Table 4.6 entry 1). Despite the relatively high 
load of catalyst, no conversion of starting materials was observed after overnight reaction at 65°C 
in THF. As for BocEDA, the solvent was changed from THF to toluene and the temperature was 
increased to 110°C (Table 4.6, entry 2). Still, no conversion was observed after stirring overnight. 
The usage of microwave irradiation and higher temperature (170°C) resulted in the consumption 
of IV-9, but 2,6-dibromopyridine was still present in the mixture among other side-products, which 
was confirmed by ESI-MS and 1H NMR spectroscopic analysis (Table 4.6, entry 3).  
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1.5 h, MW 
2,6-dibromo- 
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100°C, ON 2,6-dibromo- 
pyridine and target 
compound IV-10 
are present. 
All reactions were carried out under inert conditions, ON – overnight, MW – microwave irradiation. 
 
The change of solvent to 1,4-dioxane, which is another common solvent for Buchwald-Hartwig 
amination, brought positive changes (Table 4.6 entry 4). Despite residual 2,6-dibromopyridine 
after stirring at 100°C overnight, the target product IV-10 was observed in the ESI-MS spectrum 
of the reaction mixture. However, 1H NMR analysis revealed only numerous side-products and 
2,6-dibromopyridine, and no signals that could be assigned to the target compound could be 
detected. In case of BocEDA, the change of base resulted solely in mono-coupling product along 
with other side-products (Table 4.6, entry 5). Thus, it was of interest to check if a base change will 
have a major influence on the reaction outcome. The substitution of caesium carbonate with 
potassium tert-butoxide led to a similar crude mixture containing IV-10 and 2,6-dibromopyridine. 
Despite the presence of target product IV-10 in ESI-MS, its actual formation was insufficient under 
the investigated conditions and numerous side-product were observed by 1H NMR analysis.  
Various limitations like insufficient conversion and formation of numerous side-products 
negatively affected the cross-coupling of 2,6-dibromopyridine with IV-3, IV-7 and IV-9. Thus, it 
was decided to focus directly on the use of 4,5-dihydro-1H-imidazole (IV-12), which has a 
secondary amine functionality. As was discussed above, secondary amines are common 
Buchwald-Hartwig coupling substrates and react more effectively than primary amines. The 





Scheme 4.17. Alternative synthetic path to obtain IV-5. Solid arrows show reactions with isolated compounds, dashed arrows show 
transformations without isolated compounds.  
The first step describes the actual formation of 4,5-dihydro-1H-imidazole (IV-12), which will be 
further reacted in the subsequent cross-coupling with 2,6-dibromopyridine. The cross-coupling 
product IV-13 then needs to be methylated to afford the target compound IV-5. 
The synthesis of IV-12 was performed according to a literature procedure, which was already used 
for the IV-3 preparation.197 The reaction between N,N-dimethylformamide dimethyl acetal and 
EDA was carried out neat and afforded the product IV-12 as an amorphous solid in up to 25% 
yield (Scheme 4.18).  
 
 
Scheme 4.18. Synthesis of 4,5-dihydro-1H-imidazole IV-12 from N,N-dimethylformamide dimethylacetal and EDA. 
Since the Pd(dba)2/rac-BINAP catalytic system showed the most promising results for coupling 
IV-3 (Table 4.3, entries 1 and 4), it was used for IV-12 as well. The secondary amine functionality 
requires a deprotonation step in the catalytical cycle. Therefore, KOtBu was used as a base in this 






Scheme 4.19. Buchwald-Hartwig cross-coupling of 2,6-dibromopyridine and IV-12 to afford IV-13. 
 
Figure 4.11. Section of ESI-MS spectrum of crude reaction mixture presented in Scheme 4.19. 
According to ESI-MS analysis, the crude mixture contained the target compound IV-13 together 
with product IV-13.1, which was formed by mono-coupling and substitution of bromine with tert-
butoxide (Figure 4.11). The reaction has so far not been further optimised, but the preliminary 
results demonstrated a high potential for achieving selective formation of IV-13 by additional 
optimisation. The absence of a quaternary ammonium cation should be beneficial for the 
purification. Moreover, the base choice needs to be carefully studied. It should not have 
nucleophilic properties to avoid aromatic substitution at the pyridine ring. Furthermore, the base 




3. Summary and Outlook 
 
Scheme 4.20. Proposed synthetic route to achieve alternative dye IV-1. 
The goal was to design and synthesize an alternative dye molecule (IV-1), which would increase 
the sigma-donation on the metal centre (Scheme 4.20). The designed synthetic route was an 
analogue of the IV-4 synthesis and included the preparation of 2,6-dibromoisonicotinic acid IV-2, 
which would be further involved in a bis-substitution reaction with 1-methyl-4,5-dihydroimidazole 
IV-3 to give the bis-coupling product IV-4. IV-3 had to be synthesised from 
N-methylethanediamine and N,N-dimethylformamide dimethyl acetal in advance. Ligand IV-4 
would have been converted in a final complexation reaction with iron(II) chloride to afford the 
target complex IV-1. Unfortunately, not all steps in this strategy were achieved. 
The aromatic substitution was a limiting factor of the synthesis and the strategy had to be changed 
to cross-coupling. Several synthetic routes, which are presented in Scheme 4.21, were designed to 
obtain the final intermediate IV-5. Due to scale up limitations of the 2,6-dibromoisonicotinic acid 





Scheme 4.21. All synthetic pathways to obtain IV-5 via cross-coupling investigated in this study. 
The first route proposed a Buchwald-Hartwig amination between 2,6-dibromopyridine and 1-
methyl-4,5-dihydroimidazole (IV-3) as a coupling substrate (Scheme 4.22). 
 
Scheme 4.22. Synthetic path to give IV-5 via direct cross-coupling between 2,6-dibromopyridine and 1-methyl-4,5-
dihydroimidazole (IV-3). 
It was shown that large catalyst amounts (from 10 mol% palladium complex on) and long reaction 
times (not less than 72 h) are required to form the target product at least for analytical identification 
via ESI-MS analysis. In most of the cases, the mono-coupled product IV-5.1 was formed in 
combination with IV-5. The most promising conditions were Pd(dba)2 10 mol%, rac-BINAP 
20 mol%, IV-3 2.10 equiv in 1,4-dioxane, heated to 100°C under inert conditions. Despite 
insufficient conversion to the target product, it was the only conditions that resulted in an isolated 
mixture of IV-5 and IV-5.1. Other attempts led only to IV-5.1 or to traces of IV-5, which could 




challenge as it presumably led to the formation of various side-products. Moreover, the second 
oxidative insertion may be challenging as in most of the cases the mono-coupled product was 
observed. 
The second pathway included a Buchwald-Hartwig amination between 2,6-dibromopyridine and 
ethylenediamine, followed by formylation and ring closure to give IV-5 (Scheme 4.23).  
 
Scheme 4.23. Synthetic pathway to give IV-5 via Buchwald-Hartwig amination between 2,6-dibromopyridine and 
ethylenediamine, followed by formylation and ring closure. 
Monoprotected EDA was used to avoid coordination on palladium and was synthesised in advance. 
Two protective groups were tested – Boc and phthalimide. Various attempts were made to optimize 
the synthetic conditions for successfully coupling either the Boc- or phthalimide-protected amines, 
but the target product could ultimately not be isolated. As for the previous path, the mono- and 
bis-coupled products were forming during the reaction. In case of Boc-protection, a mixture of 
mono- and bis-coupled products could be isolated, but for the phthalimide-protected amine the 
target compound was observed only via ESI-MS analysis.  
The third synthetic pathway included a Buchwald-Hartwig amination of 2,6-dibromopyridine with 





Scheme 4.24. Synthetic pathway to give IV-5 via cross-coupling between 2,6-dibromopyridine and 4,5-dihydro-1H-imidazole 
(IV-12), followed by methylation of intermediate IV-13. 
4,5-Dihydro-1H-imidazole (IV-12) was synthesized in advance from N,N-dimethylformamide 
dimethyl acetal and EDA. The cross-coupling of 2,6-dibromopyridine and IV-12 led to product 
IV-13, which could be detected by ESI-MS analysis.  
The Buchwald-Hartwig amination proved to be a challenging step in the synthesis towards the 
target ligand IV-5. Despite the insufficient conversion and selectivity as well as challenges with 
the actual isolation, it was demonstrated that the desired product can in principle be formed via a 
cross-coupling reaction. Moreover, it was shown that a catalyst is required for the product 
formation. For a successful preparation of target compound IV-5, further efforts on synthetic route 
definition and reaction optimization are still required. One possibility to overcome conversion 
limitations in the cross-coupling step could be the substitution of bromine with iodine or triflate 
(Scheme 4.25). Using a more favourable leaving group might facilitate the oxidative insertion and 
allow a more effective second palladium insertion. Moreover, it was found on the example of 
Pd2(dba)3 that commercially available Pd complexes can contain significant amount of Pd 
nanoparticles.198 Utilization of Pd2(dba)3 of unknown purity resulted in reduced catalytic activity 
in the homogeneous phase as well as unexpected heterocatalytic activity of Pd nanoparticles may 
occur. This aspect needs to be considered for future investigations. 
 
Scheme 4.25. Synthetic path to give IV-5 via direct cross-coupling between 2,6-disubstituted pyridine and 1-methyl-4,5-




Due to the challenging usage of palladium, the application of the copper-catalysed Chan-Lam 
coupling, which is based on reaction of aryl boronic acids with amines, could offer considerable 
benefits (Scheme 4.26). A further advantage of this coupling compared to the Buchwald-Hartwig 
amination is the possibility to conduct experiments under aerobic conditions.199 Moreover, several 
copper-catalysed cross-coupling reactions of arylboronic acids with imidazoles are known in the 
literature.200, 201 Finally, iridium-catalysed alkylations of aromatic amines may offer an opportunity 
for the synthesis of precursors IV-8 or IV-10 that would allow further investigation of the ring 
closure pathway.202 
 























1. General considerations 
 
Current density-voltage (J–V) measurements were made by irradiating from the photoanode side 
with a LOT Quantum Design LS0811 instrument (100 mW cm–2 = 1 sun at AM 1.5) and the 
simulated light power was calibrated with a silicon reference cell.  
The EQE measurements were performed on a Spe-Quest quantum efficiency setup from Rera 
Systems (Netherlands) equipped with a 100W halogen lamp (QTH) and a lambda 300 grating 
monochromator from Lot Oriel. The monochromatic light was modulated to 1 Hz using a chopper 
wheel from ThorLabs. The cell response was amplified with a large dynamic range IV converter 
from CVI Melles Griot and then measured with a SR830 DSP Lock-In amplifier from Stanford 
Research. 
Solid-state UV-Vis spectra were measured on VARIAN Cary-5000 spectrophotometer. The 
transparent TiO2 electrodes were measured as reference. 
For the EIS measurements a ModuLab® XM PhotoEchem photoelectrochemical measurement 
system from Solartron Analytical was used. The impedance was measured at the open-circuit 
potential of the cell at a light intensity of 22 mW cm–2 (590 nm) in the frequency range 0.05 Hz to 
100 kHz using an amplitude of 10 mV. The impedance data were analysed and fitted using 
ZView® sofware from Scribner Associates Inc. 
1H, 13C{1H} and 31P{1H} NMR spectra were recorded on Bruker Avance III-400 or 500 NMR 
spectrometers; spectra were recorded at 295 K. Chemical shifts were referenced to the residual 
solvent peaks. 1H and 13C{1H} NMR were referenced with respect to δ(TMS) = 0 ppm and 
31P{1H} NMR chemical shifts were referenced with respect to δ(85% aqueous H3PO4) = 0 ppm. 
Microwave reactions were performed in a Biotage Initiator 8 reactor. 
Dyes N719 and SQ2 were purchased from Solaronix. 
Commercial working electrodes (opaque) and platinum counter electrodes (Test Cell Platinum 
Electrodes Drilled) were obtained from Solaronix as well as hot-melt sealing foil (Test Cell 
Gaskets, made from Meltonix 1170-60 sealing film, 60 microns thick). The conducting silver paint 




Starting materials for synthesis were obtained in reagent grade from Avocado Research Chemicals 
Ltd, Sigma-Aldrich, Fluorochem, Alfa-Aesar, TCI, Carl Roth and Acros Organics. Dry solvents 
(crown cap or AcroSeal®) were purchased from Acros Organics. HPLC grade solvents were used 
for solar cells manufacturing, and ESI-MS analyses. HPLC grade solvents were purchased from 
HPLC VWR and J.T. Baker. NMR solvents were obtained from Cambridge Isotope Laboratories 
Inc. and Apollo. Fluka silica gel 60 was used for flash chromatography. Thin layer 
chromatography (TLC) was performed with aluminium sheets covered with silica gel 60 (Merck).  
 
2. Synthesis of ligands and complexes  
 
2.1 Synthesis of terpyridine compounds 
 
4’-Phenyl-2,2’:6’,2’’-terpyridine (III-2) 
2- Acetylpyridine (2.0 equiv, 2.00 mmol, 0.22 mL) was added to benzaldehyde 
(1.0 equiv, 1.00 mmol, 0.10 mL) in EtOH (10 mL). Then KOH (2.0 equiv, 2.00 
mmol, 112 mg) was added followed by addition of aq. NH3 solution (28 wt%, 
4.0 equiv, 4.00 mmol, 0.55 mL). The reaction mixture was stirred for 4 h at rt. 
Afterwards the precipitation was collected by filtration and washed with EtOH 
(3 x 5 mL). Then the crude product was recrystallized. MeOH (10 mL) was added and the mixture 
was heated up to reflux followed by the addition of chloroform until everything was dissolved. 
Afterwards the reaction mixture was cooled to rt, the solid was collected and dried under vacuum. 
4’-Phenyl-2,2’:6’,2’’-terpyridine was obtained as an off-white solid (0.45 mmol, 140 mg, 45%). 
The NMR is in agreement with the literature.203   
1H-NMR (500 MHz, CDCl3) δ / ppm: 8.75 (s, 2H), 8.73 (ddd, J = 4.8, 1.9, 0.9 Hz, 2H), 8.68 (dt, 
J = 7.9, 1.1 Hz, 2H), 7.93 – 7.85 (m, 4H), 7.54 – 7.48 (m, 2H), 7.49 – 7.42 (m, 1H), 7.35 (ddd, 
J = 7.5, 4.8, 1.2 Hz, 2H).  
13C-NMR (126 MHz, CDCl3) δ / ppm: 156.28, 155.93, 150.35, 149.13, 138.51, 136.85, 128.99, 







FeCl2·4H2O (1.0 equiv, 0.13 mmol, 26.0 mg) and Phtpy (III-2, 2.0 
equiv, 0.26 mmol, 81.0 mg) were dissolved in MeOH (8.0 mL). The 
reaction mixture was stirred for 30 min at rt. Then NH4PF6 (2.0 equiv, 
0.26 mmol, 42.7 mg) was added and the mixture was stirred for 2 h 
until a purple precipitate was formed. The obtained crude product was 
filtered over Celite and washed with water (3 x 10 mL), EtOH (3 x 
10 mL) and MTBE (3 x 15 mL) sequentially. The purple solid was 
redissolved with MeCN and the solvent was removed under reduced 
pressure to obtain [Fe(Phtpy)2][PF6]2 as purple solid (0.11 mmol, 105 
mg, 83%).   
The NMR is in agreement with the literature.204   
1H-NMR (500 MHz, CD3CN) δ / ppm: 9.19 (s, 4H), 8.62 (dt, J = 8.1, 1.0 Hz, 4H), 8.35 – 8.31 (m, 
4H), 7.91 (td, J = 7.8, 1.5 Hz, 4H), 7.85 – 7.80 (m, 4H), 7.77 – 7.72 (m, 2H), 7.20 (ddd, J = 5.6, 
1.5, 0.7 Hz, 4H), 7.09 (ddd, J = 7.2, 5.6, 1.3 Hz, 4H). 
13C-NMR (126 MHz, CD3CN) δ / ppm: 160.90, 158.61, 153.66, 151.08, 139.31, 137.31, 131.32, 
130.35, 128.50, 127.87, 124.40, 122.24. 
19F-NMR (471 MHz, CD3CN) δ / ppm: -72.92 (d, J = 706.5 Hz). 
 
4’-(4-Bromophenyl)-2,2’:6’,2’’-terpyridine (III-3) 
2-Acetylpyridine (2.0 equiv, 40.0 mmol, 4.5 mL) was added to 
4-bromobenzaldehyde (1.0 equiv, 20.0 mmol, 3.70 g) in EtOH (100 mL) at rt. 
Then KOH (2.0 equiv, 40.0 mmol, 2.24 g) was added followed by addition of 
aq. NH3 solution (32 wt%, 2.5 equiv, 50.0 mmol, 6.0 mL). The reaction 
mixture was stirred for 4 h at rt. Afterwards the precipitation was collected by 
filtration and washed with EtOH (3 x 15 mL). Then the crude product was recrystallized. MeOH 
(20 mL) was added and the mixture was heated up to reflux followed by the addition of chloroform 
until everything was dissolved. Afterwards the reaction mixture was cooled to rt, the solid was 
collected and dried under vacuum. 4’-(4-bromophenyl)-2,2’:6’,2’’-terpyridine was obtained as a 
white solid (9.74 mmol, 3.78 g, 49%). 




1H-NMR (400 MHz, CDCl3) δ / ppm: 8.73 (ddd, J = 4.8, 1.8, 0.9 Hz, 2H), 8.70 (s, 2H), 8.67 (dt, 
J = 8.0, 1.1 Hz, 2H), 7.89 (ddd, J = 8.0, 7.5, 1.8 Hz, 2H), 7.81 – 7.76 (m, 2H), 7.67 – 7.62 (m, 2H), 
7.36 (ddd, J = 7.5, 4.8, 1.2 Hz, 2H).  
13C-NMR (101 MHz, CDCl3) δ / ppm: 156.24, 156.19, 149.29, 149.22, 137.56, 137.06, 132.24, 
129.04, 124.09, 123.61, 121.52, 118.71. 
 
Diethyl (4-([2,2':6',2''-terpyridin]-4'-yl)phenyl) phosphonate (III-4) 
A microwave vial was charged with 
4’-(4-bromophenyl)-2,2’:6’,2’’-terpyridine (III-3, 1.0 equiv, 1.15 mmol, 0.45 
g), Pd(PPh3)4 (5% mol, 0.05 mmol, 0.66 g) and Cs2CO3 (5.0 equiv, 5.75 mmol, 
1.87 g). The vial was evaporated and refilled with nitrogen. Diethyl phosphite 
(4.0 equiv, 4.60 mmol, 0.59 mL) was dissolved in dry THF (10 mL) and the 
solution was bubbled with nitrogen. Afterwards the THF solution was added to the terpyridine 
mixture, the vial was sealed and reacted in a microwave for 90 min at 110°C. After complete 
reaction, the mixture was filtered over Celite and the solvent was evaporated under reduced 
pressure. The violet residue was recrystallized from a minimum amount of MeCN and the obtained 
crystals were washed with cold Et2O (3 x 10 mL) to give diethyl (4-([2,2':6',2''-terpyridin]-4'-
yl)phenyl) phosphonate as a white solid (0.51 mmol, 226 mg, 44%). 
The NMR is in agreement with the literature.205   
1H-NMR (400 MHz, CDCl3) δ / ppm: 8.75 (s, 2H), 8.74 (ddd, J = 4.8, 1.8, 0.9 Hz, 2H), 8.68 (dt, 
J = 8.0, 1.1 Hz, 2H), 8.03 – 7.93 (m, 4H), 7.89 (ddd, J = 8.0, 7.5, 1.8 Hz, 2H), 7.37 (ddd, J = 7.5, 
4.8, 1.2 Hz, 2H), 4.26 – 4.07 (m, 4H), 1.36 (td, J = 7.1, 0.5 Hz, 6H). 
1H NMR (400 MHz, Acetone-d6) δ 8.85 (s, 2H), 8.78 – 8.72 (m, 4H), 8.13 – 7.98 (m, 6H), 7.52 – 
7.46 (m, 2H), 4.23 – 4.06 (m, 4H), 1.33 (t, J = 7.1 Hz, 6H). 








4-([2,2':6',2''-Terpyridin]-4'-yl)phenyl)phosphonic acid (III-5) 
The hydrolysis of phosphonate III-4 was carried out according to a literature 
procedure.205  
III-4 (1.0 equiv, 0.49 mmol, 218 mg) was suspended in anhydrous CH2Cl2 (1.5 
mL) under nitrogen. TMSBr (4.0 equiv, 1.96 mmol, 0.26 mL) was added and 
the reaction mixture was stirred overnight at rt. Then the solvent was 
evaporated under reduced pressure and MeOH (10 mL) was added. The suspension was stirred for 
2 h at rt. The white solid was filtered, washed with EtOH (3 x 10 mL), acetone (3 x 10 mL) and 
dried under vacuum. Afterwards the crude product was dissolved in 10% NaOH aq. solution 
(4.5 mL) and precipitated by acidifying the solution with 10% HCl aq. solution to pH 3. The white 
precipitate was filtered, washed with water (3 x 10 mL), EtOH (3 x 10 mL), acetone (3 x 10 mL) 
and dried under vacuum to obtain (4-([2,2':6',2''-terpyridin]-4'-yl)phenyl)phosphonic acid as a 
white solid (0.34 mmol, 134 mg, 70%). 
1H-NMR (500 MHz, DMSO-d6) δ / ppm: 8.90 (d, J = 8.1 Hz, 2H), 8.88 – 8.86 (m, 4H), 8.28 (t, J 
= 8.0 Hz, 2H), 8.11 (dd, J = 8.1, 3.0 Hz, 2H), 7.93 – 7.87 (m, 2H), 7.74 (dd, J = 7.6, 5.0 Hz, 2H). 
(OH-groups were not observed in the NMR spectrum). 
31P-NMR (202 MHz, DMSO-d6) δ / ppm: 11.83. 
 
4’-(Pyridine-4-yl)-2,2’:6’,2’’-terpyridine (III-6) 
2-Acetylpyridine (2.0 equiv, 10.0 mmol, 1.1 mL) was added to 
4-pyridinecarboxaldehyde (1.0 equiv, 5.00 mmol, 0.48 mL) in EtOH (50 mL). 
Then KOH (2.5 equiv, 12.5 mmol, 701 mg) was added followed by addition 
of aq. NH3 solution (32 wt%, 4.0 equiv, 20.0 mmol, 1.2 mL). The brown 
reaction mixture was stirred for 4 h at rt. Afterwards the precipitation was 
collected by filtration and washed with EtOH (3 x 10 mL). The crude product was recrystallized 
from chloroform to obtain 4’-(pyridine-4-yl)-2,2’:6’,2’’-terpyridine as white solid (0.98 mmol, 
303 mg, 20%). 
The NMR is in agreement with the literature.206   
1H-NMR (400 MHz, CDCl3) δ / ppm: 8.78 – 8.76 (m, 4H), 8.74 (ddd, J = 4.8, 1.8, 0.9 Hz, 2H), 
8.68 (dt, J = 8.0, 1.1 Hz, 2H), 7.93 – 7.87 (m, 2H), 7.79 (dt, J = 4.5, 1.6 Hz, 2H), 7.38 (ddt, J = 7.7, 




13C-NMR (101 MHz, CDCl3) δ / ppm: 156.57, 155.90, 150.73, 149.37, 147.68, 146.13, 137.12, 
124.27, 121.86, 121.53, 118.83. 
4’-(4-Methoxyphenyl)-2,2’:6’,2’’-terpyridine (III-7) 
2-Acetylpyridine (2.0 equiv, 5.00 mmol, 0.56 mL) was added to 
p-anisaldehyde (1.0 equiv, 2.50 mmol, 0.30 mL) in EtOH (25 mL). Then KOH 
(2.5 equiv, 6.25 mmol, 351 mg) was added followed by addition of aq. NH3 
solution (32 wt%, 4.0 equiv, 10.0 mmol, 1.2 mL). The yellow reaction mixture 
was stirred for 72 h at rt. Afterwards the precipitation was collected by 
filtration and washed with EtOH (3 x 10 mL). Then the crude product was recrystallized. MeOH 
(10 mL) was added and the mixture was heated up to reflux followed by the addition of chloroform 
until everything was dissolved. Afterwards the reaction mixture was cooled to rt, and the solid was 
collected and air dried. 4’-(4-Methoxyphenyl)-2,2’:6’,2’’-terpyridine was obtained as off-white 
solid (0.75 mmol, 253 mg, 30%). 
The NMR is in agreement with the literature.207   
1H-NMR (500 MHz, CDCl3) δ / ppm: 8.73 (ddd, J = 4.8, 1.8, 0.9 Hz, 2H), 8.71 (s, 2H), 8.67 (dt, 
J = 8.0, 1.1 Hz, 2H), 7.91 – 7.84 (m, 4H), 7.34 (ddd, J = 7.5, 4.7, 1.2 Hz, 2H), 7.06 – 7.01 (m, 2H), 
3.88 (s, 3H). 
13C-NMR (126 MHz, CDCl3) δ / ppm: 160.65, 156.53, 155.98, 149.91, 149.24, 136.98, 130.91, 
128.68, 123.89, 121.50, 118.43, 114.46, 55.53. 
 
4’-(4- Methylthiophenyl)-2,2’:6’,2’’-terpyridine (III-8) 
2-Acetylpyridine (2.0 equiv, 2.50 mmol, 0.28 mL) was added to 
4-(methylthio)benzaldehyde (1.0 equiv, 1.25 mmol, 0.17 mL) in EtOH 
(10 mL). Then KOH (2.5 equiv, 3.13 mmol, 351 mg) was added followed by 
addition of aq. NH3 solution (32 wt%, 4.0 equiv, 5.00 mmol, 0.60 mL). The 
reaction mixture was stirred for 12 h under reflux conditions. Afterwards the 
precipitation was collected by filtration, washed with EtOH (3 x 10 mL) and air dried to obtain 4’-
(4- methylthiophenyl)-2,2’:6’,2’’-terpyridine as beige solid (0.42 mmol, 1150 mg, 34%). 




1H-NMR (500 MHz, CDCl3) δ / ppm: 8.75 – 8.71 (m, 4H), 8.67 (dt, J = 8.0, 1.1 Hz, 2H), 
7.91 – 7.83 (m, 4H), 7.40 – 7.33 (m, 4H), 2.55 (s, 3H). 
13C-NMR (126 MHz, CDCl3) δ / ppm: 156.42, 156.12, 149.71, 149.28, 140.21, 137.02, 135.09, 
127.76, 126.67, 123.97, 121.52, 118.55, 15.69. 
 
4’-(N,N-Diphenylanilin-4-yl)-2,2’:6’,2’’-terpyridine (III-9) 
2-Acetylpyridine (2.0 equiv, 2.00 mmol, 0.22 mL) was added to a suspension 
of 4-(diphenylamino)benzaldehyde (1.0 equiv, 1.00 mmol, 273 mg) in EtOH 
(20 mL). Then KOH (2.5 equiv, 2.50 mmol, 140 mg) was added followed by 
addition of aq. NH3 solution (32 wt%, 8.0 equiv, 8.00 mmol, 0.96 mL). The 
reaction mixture was stirred for 12 h under reflux conditions. Afterwards the 
mixture was cooled down to rt. The solvent was evaporated under reduced pressure until dryness 
and acetone (10 mL) was added to the residue. The obtained suspension was filtrated, the solid 
was collected and air dried resulting in the target product. The acetone fraction was purified by 
flash chromatography on silica gel with petroleum ether/MTBE (8:2) as eluent. Afterwards, the 
product was filtered over silica with the same solvent mixture to obtain 4’-(N,N-diphenylanilin-4-
yl)-2,2’:6’,2’’-terpyridine as a -yellow solid (0.21 mmol, 98.0 mg, 21%). 
The NMR is in agreement with the literature.209   
1H-NMR (500 MHz, CDCl3) δ / ppm: 8.72 (ddd, J = 5.0, 2.0, 1.0 Hz, 2H), 8.71 (s, 2H), 8.67 (dt, 
J = 7.9, 1.1 Hz, 2H), 7.87 (td, J = 7.7, 1.8 Hz, 2H), 7.81 – 7.77 (m, 2H), 7.34 (ddd, J = 7.4, 4.8, 
1.2 Hz, 2H), 7.32 – 7.27 (m, 4H), 7.20 – 7.14 (m, 6H), 7.08 (td, J = 7.3, 1.2 Hz, 2H). 
13C-NMR (126 MHz, CDCl3) δ / ppm: 156.54, 156.00, 149.88, 149.26, 148.93, 147.54, 136.97, 
131.97, 129.52, 128.27, 124.95, 123.89, 123.51, 123.28, 121.48, 118.43. (Two carbon peaks of the 










2-Acetylpyridine (2.0 equiv, 1.00 mmol, 0.11 mL) was added to 
3,5-dimethylbenzaldehyde (1.0 equiv, 0.50 mmol, 0.07 mL) in EtOH 
(10 mL). Then KOH (2.5 equiv, 1.25 mmol, 70.1 mg) was added followed by 
addition of aq. NH3 solution (32 wt%, 8.0 equiv, 4.00 mmol, 0.48 mL). The 
reaction mixture was stirred for 72 h under reflux conditions. Afterwards the 
mixture was cooled down to rt and filtered. The solvent was evaporated under reduced pressure 
and the obtained crude product was crystallized. MeOH (10 mL) was added and the mixture was 
heated up to reflux followed by the addition of chloroform until everything was dissolved. 
Afterwards the reaction mixture was cooled to rt, the solid was collected and air dried. 4’-(3,5-
Dimethylphenyl)-2,2’:6’,2’’-terpyridine as beige solid (0.15 mmol, 51.0 mg, 30%). 
1H-NMR (500 MHz, CDCl3) δ / ppm: 8.75 (ddd, J = 4.8, 1.8, 0.9 Hz, 2H, H
A6), 8.72 (s, 2H, HB3), 
8.68 (dt, J = 7.9, 1.1 Hz, 2H, HA3), 7.88 (td, J = 7.7, 1.8 Hz, 2H, HA4), 7.53 (dd, J = 1.5, 0.8 Hz, 
2H, HC2), 7.35 (ddd, J = 7.5, 4.7, 1.2 Hz, 2H, HA5), 7.10 – 7.09 (dd, J = 1.6, 0.8 Hz, 1H, HC4), 2.42 
(s, 6H, HMe). 
13C-NMR (126 MHz, CDCl3) δ / ppm: 156.53, 155.92, 150.77, 149.26, 138.62, 138.50, 136.99, 
130.83, 125.30, 123.91, 121.55, 119.04, 21.51 (CMe). 
ESI-MS m/z 360.15 [M + Na]+ (calc. 337.42). 
 
2.2 Synthesis towards N-heterocyclic carbene compounds 
 
2,6-Dibromoisonicotinic acid (III-11) 
The acid was synthesized according to the literature procedure used as reference.182 
A flame-dried flask was charged with 2,6-dibromopyridine (1.0 equiv, 5.00 mmol, 
1.18 g) under nitrogen. The flask was evaporated and refilled with nitrogen. Anhydrous THF (50 
mL) was added and the solution was cooled to -30°C. TMPMgCl·LiCl (1.2 equiv, 6.00 mmol, 6.0 
mL) was added dropwise for 15 min and the reaction mixture was stirred at the same temperature 
for 3 h. Afterwards the reaction was quenched with dry ice until gas evaluation stopped and the 
mixture was allowed to warm to rt overnight. The pH was adjusted (pH≈12) with 1M NaOH 
solution and the mixture was extracted with AcOEt (3 x 15 mL). The aq. layer was acidified with 




dried over Mg2SO4 and the solvent was removed under reduced pressure to obtain 
2,6-dibromoisonicotinic acid as white solid (1.65 mmol, 462 mg, 33%). 
The NMR is in agreement with the literature.210   
1H-NMR (500 MHz, DMSO-d6) δ / ppm: 14.24 (br. s, 1H), 7.97 (s, 2H). 
13C-NMR (126 MHz, DMSO-d6) δ / ppm: 163.50, 143.67, 140.80, 126.73. 
 
2,6-Bis(3-methylimidazolium-1-yl)pyridine-4-carboxylate hexafluorophosphate (I-8) 
The salt was synthesized according to a literature procedure.83 
A pressure vial was charged with 2,6-dibromoisonicotinic acid (1.0 equiv, 
0.98 mmol, 276 mg) and 1-methylimidazole (12.8 equiv, 12.5 mmol, 1 mL). 
The vial was sealed and the reaction mixture was stirred for 4 h at 150°C. Once the reaction cooled 
down to rt, water (5 mL) was added and NH4PF6 sat. aq. solution (10 mL) was added. The mixture 
was acidified with 1M H2SO4 to pH = 2. The precipitate was collected via filtration, washed with 
water (3 x 10 mL) and MTBE (3 x 10 mL) and dried under high vacuum at 70°C for 16 h to obtain 
2,6-bis(3-methylimidazolium-1-yl)pyridine-4-carboxylate hexafluorophosphate as beige solid 
(0.44 mmol, 254 mg, 45%). 
1H-NMR (500 MHz, DMSO-d6) δ / ppm: 10.41 (d, J = 1.6 Hz, 2H), 8.85 (t, J = 1.9 Hz, 2H), 8.53 
(s, 2H), 8.04 (t, J = 1.8 Hz, 2H), 4.01 (s, 6H). (Proton from carboxylic acid was not observed). 
13C-NMR (126 MHz, DMSO-d6) δ / ppm: 163.79, 145.62, 136.64, 124.82, 119.27, 113.54, 36.52. 




The iron(II) NHC complex was synthesized according to an adapted 
literature procedure.83 
A flask was charged with anhydrous FeCl2 (1.0 equiv, 0.17 mmol, 
21.7 mg) and the ligand I-8 (2.0 equiv, 0.34 mmol, 197 mg) under 
nitrogen. DMF (4.0 mL) was added followed by KOtBu (1M solution 




stirred at rt overnight. 1M H2SO4 was added to adjust the pH to 2, then HPF6 (3% aq. solution, 
10 mL) was added until the precipitate started to form. The precipitate was collected via filtration, 
washed with water (3 x 10 mL) and MTBE (3 x 10 mL) to obtain bis(2,6-bis(3-methylimidazol-1-
ylidene)pyridine-4-carboxylic acid)iron(II) dihexafluorophosphate as dark red solid (0.10 mmol, 
87.8 mg, 56%).    
1H-NMR (500 MHz, CD3CN) δ / ppm: 8.29 (s, 4H), 8.15 (d, J = 2.3 Hz, 4H), 7.00 (d, J = 2.2 Hz, 
4H), 2.49 (s, 12H). (Protons from carboxylic acids were not observed). 




Compound IV-3 was synthesized according to an adapted literature procedure.197 
N,N-Dimethylformamide dimethylacetal (1.10 equiv, 29.7 mmol, 3.95 mL) was added 
to N-methylethylenediamine (1.0 equiv, 27.0 mmol, 2.38 mL) and the mixture was heated neat at 
110°C for 4 h. Afterwards, the mixture was distilled (45°C/10 mbar) to give 1-methyl-4,5-dihydro-
imidazole as a colourless oil (9.36 mmol, 787 mg, 35%). 
1H-NMR (500 MHz, CDCl3) δ / ppm: 6.73 (s, 1H), 3.79 (t, J = 9.8 Hz, 2H), 3.13 (t, J = 10.3 Hz, 
2H), 2.80 (d, J = 1.2 Hz, 3H). 
13C-NMR (126 MHz, CDCl3) δ / ppm: 158.70, 55.69, 51.08, 34.42. 
 
N-Boc-Ethylenediamine (IV-7) 
Compound IV-7 was synthesized according to a literature procedure.195 
Di-tert-butyl dicarbonate (1.0 equiv, 18.3 mmol, 3.92 mL) was dissolved in CH2Cl2 (300 mL). 
This mixture was added dropwise over 6 h to a solution of ethylenediamine (6.0 equiv, 110 mmol, 
7.33 mL) in CH2Cl2 (40 mL) under vigorous stirring. Then the mixture was stirred at rt for 24 h. 
Afterwards the solvent was removed under reduced pressure. 1M Na2CO3 aq. solution (350 mL) 
was added to the residual oil. The solution was extracted with CH2Cl2 (3 x 100 mL). The combined 
organic fractions were dried over Mg2SO4 and the solvent was evaporated under reduced pressure 




1H-NMR (500 MHz, CDCl3) δ / ppm: 5.22 – 5.08 (br. s, 1H), 3.16 – 3.07 (m, 2H), 2.75 (t, 
J = 5.9 Hz, 2H), 2.05 – 1.92 (br. S, 2H), 1.38 (s, 9H). 
13C-NMR (126 MHz, CDCl3) δ / ppm: 156.33, 43.57, 42.02, 28.54. (Tertiary carbon peak was not 
observed).  
N-(2-Amino-ethyl)-phthalimide (IV-9) 
Compound IV-9 was synthesized according to an adapted literature 
procedure.196 
Phthalic anhydride (1.0 equiv, 15 mmol, 1.45 mL) was dissolved in acetic acid 
(10 mL). Then IV-7 (1.5 equiv, 22.5 mmol, 3.57 mL) was added. The reaction 
mixture was stirred for 1.5 h at 100°C. Afterwards the reaction was cooled to rt. Water (150 mL) 
was added and the mixture was extracted with CH2Cl2 (3 x 30 mL). The combined organic 
fractions were washed with water (30 mL), dried over Mg2SO4 and the solvent was evaporated 
under reduced pressure. The intermediate product was purified by flash chromatography on silica 
gel with cyclohexane/AcOEt (4:1) as eluent. Afterwards the obtained white solid was dissolved in 
CH2Cl2 (250 mL). Trifluoroacetic acid (100 mL) was added to the solution and the reaction 
mixture was stirred at rt for 1 h. Then the solvent and acid were removed under reduced pressure 
to afford a beige solid. The solid was stirred for 15 min in EtOH (50 mL) and filtered. The product 
was filtered and dried under vacuum to give N-(2-Amino-ethyl)-phthalimide as a white solid 
(8.00 mmol, 1523 mg, 53%).  
1H-NMR (500 MHz, DMSO-d6) δ / ppm: 7.95 – 7.80 (m, 4H), 3.84 (t, J = 5.8 Hz, 2H), 3.09 (t, 
J = 5.9 Hz, 2H). (Peak corresponding to the free amino-group, was not observed). 
 
4,5-Dihydro-imidazole (IV-12) 
Compound IV-12 was synthesized according to an adapted literature procedure.197 
N,N-Dimethylformamide dimethylacetal (1.00 equiv, 22.0 mmol, 2.92 mL) was added 
to ethylenediamine (1.0 equiv, 22.0 mmol, 1.47 mL) and the mixture was heated neat at 110°C for 
2 h. Afterwards, the mixture was evaporated. and the yellow residue was purified by flash 
chromatography on silica gel with CH2Cl2/MeOH (9:1) as eluent to give 4,5-dihydro-imidazole as 




The NMR is in agreement with the literature.211  (Note: Compound was reported and initially 
measured in D2O. Due to observed decomposition (hydrolysis) in this solvent, it was reanalysed 
in DMSO-d6)  
1H-NMR (500 MHz, D2O) δ / ppm: 8.09 – 8.08 (br. 1H), 3.55 – 3.52 (br. 4H). 
1H-NMR (500 MHz, DMSO-d6) δ / ppm: 6.98 (br. s, 1H), 3.33 (br. s, 4H). 






















Summary and Outlook 
 
The statistical study of EIS measurements had shown that it is important to perform EIS 
measurements on multiple cells to confirm that representative impedance data are collected. SQ2 
served as an example of a dye, which had a wide deviation in experimental data as well as in fitted 
parameters. This illustrated how diverse parameters could be obtained within one set of devices 
with identical components and fabrication. There is a strong tendency in the DSC literature to 
present EIS data for only one solar device for a given dye, which may lead to erroneous data 
evaluation. Our study had shown that performing EIS measurements on at least four DSCs could 
serve as a good practice in order to determine reasonable average values.   
The optimization of DSCs sensitized with iron(II) complexes was conducted. First investigations 
had started with [Fe(III-5)(Phtpy)]2+ complexes as sensitizers. It was shown that the dye 
assembling strategy influences the PCE of the device. Significant variations were not observed in 
case of VOC, but higher values for JSC were obtained with the SALSAC strategy compared to the 
stepwise one. The careful choice of electrolyte composition led to our knowledge to the first 
performing DSC based on a [Fe(III-5)(Phtpy)]2+ complex. A PCE of 0.05% was detected with JSC 
of 0.14 mA cm–2 and VOC of 445 mV in the presence of electrolyte Stnd II A (0.10 M LiI, 0.10 M 
I2, 0.60 M 1-butyl-3-methylimidazolium hexafluorophosphate and 0.50 M 1-methylbenzimidazole 
in 3-methoxypropionitrile). 
The continuation of electrolyte studies was done with DSCs sensitized with an iron(II) NHC 
complex and chenodeoxycholic acid. The redox shuttle was always iodide/triiodide. Changes in 
solvent from MeCN to MPN were beneficial for the DSCs performance. It was shown that for the 
iron(II) MHC dyes the presence of additives like MBI and TBP is not advantageous. The removal 
of these additives resulted in a significant increase of JSC values. Numerous ionic liquids were 
screened with various counter ions. On the example of DMII, EMII, PMII, BMII, HMII and 
DodMII as well as PDMII, BDMII, HDMII the influence of structural differences of ILs was 
studied. It was shown that longer alkyl chains (from methyl to n-butyl) can be beneficial. However, 
the further increase to n-hexyl and n-dodecyl led to the decrease in PCE compared to BMII. The 
presence of a methyl group in 2-position for imidazole led to increase in PCE for PDMII IL. With 
electrolyte based on PDMII, one of the highest PCE of 0.66% was achieved in this thesis (the 
electrolyte composition was 0.18 M LiI, 0.05 M I2, 0.60 M PDMII in MPN). The iodide counterion 
of IL proved to be the most promising one, due to the optimal values of JSC, VOC and fill factor. 
DSCs with [BF4]




dramatic decreases in VOC and ff overtook the benefits in photocurrent. Studies with Li
+ salt 
concentrations were performed. Higher amounts of Li+ ions were beneficial for both LiPF6 and 
LiI, but overall DSCs with LiI in the electrolyte had better PCE. Moreover, the concentration 
influence of iodine in the electrolyte was investigated (0.00, 0.01, 0.05, 0.10 and 0.20 M I2). For 
ILs like DMII and EMII, 0.10 M I2 resulted in higher JSC and PCE values compared to other iodine 
concentrations. For IL with longer alkyl side chain (HMII), the DSCs performances were 
significantly decreased. For DMII, EMII and PDMII ILs a reduced transport resistance in the 
semiconductor of the photoanode was observed at lower iodine concentrations. Higher I2 
concentrations resulted in a decrease in diffusion resistance in the electrolyte and in the platinum 
counter electrode resistance. The electron lifetime and diffusion length decreased from 0.00 to 
0.20 M I2. To summarize our findings, PMII, PDMII, BMII revealed themselves as the most 
promising ILs in the presence of 0.05 M I2. DMII had shown the best PCE values in combination 
with 0.10 M I2. The LiI concentration of 0.18 M was chosen as the most optimal for all ILs tested 
in this study. 
Moreover, an alternative iron(II) NHC dye was proposed, and a synthetic path was developed. One 
of the steps required a C-N bond formation between compounds IV-3 and IV-2, which proved to 
be a challenge. A Buchwald-Hartwig amination was investigated between compound IV-3 and the 
model substrate 2,6-dibromopyridine (instead of IV-2). It was demonstrated that the desired 
product can in principle be formed via a Buchwald-Hartwig amination. Moreover, it was shown 
that the reaction requires the presence of a catalyst. Despite extensive studies, major drawbacks 
with insufficient conversion and selectivity as well as challenges with the actual isolation were not 
overcome. For a successful preparation of target compound IV-5, further revisions of the synthetic 
route and reaction optimization are still required. 
Iron(II)-based DSCs are a promising alternative to ruthenium dyes due to their sustainability and 
abundance. Fe dyes are still suffering from low efficiencies compared to Ru. Thus, there is a need 
to establish new designs for iron-based sensitizers. However, each dye requires an individual 
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